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Bald eagles (Haliaeetus leucocephalus) are a avian species used to monitor environmental 
contaminants such as mercury (Hg), methylmercury  (MeHg), polychlorinated biphenyls (PCBs), and 
organochlorine pesticides (OCs) in North America. Populations of bald eagles nesting along the Great 
Lakes were very slow to recover after the ban of PCBs and OCs because these compounds were very 
persistent. Bald eagles at Voyageurs National Park (VNP) have been monitored since 1973 and provide an 
opportunity to assess temporal and spatial trends of persistent environmental contaminants. Nestling bald 
eagle feathers were analyzed for Hg concentrations for the past 12 years. Nestling bald eagle plasma 
samples were analyzed for PCBs and OCs for the past 14 years. The concentrations of total PCBs, total 
DDTs, 4,4’-DDE, and dieldrin in nestling plasma are reported here because there were greater than 50% of 
samples with detectable concentrations of these compounds. Hg concentrations at VNP ranged from non-
detect (ND) to 34.97 mg/kg with 10% of nestling feather samples having concentrations of Hg below 
detectable limits. Hg concentrations in nestling feathers at VNP have decreased 77.4% since 1989.  Total 
PCBs in nestling plasma ranged from ND to 280.08 µg/kg with 48.7% of nestling plasma samples having 
concentrations below detectable limits. Total PCBs in nestling plasma samples at VNP decreased 29.1% 
when the 5 year geometric means were compared from 1997 to 2001 and 2006 to 2010. 4,4’-DDE in 
nestling plasma ranged from ND to 68.30 µg/kg with 4.9% of nestling plasma samples having 
concentrations below detectable limits. 4,4’-DDE in nestling plasma samples at VNP decreased 24.09% 
when the 5 year geometric means were compared from 1997 to 2001 and 2006 to 2010. Dieldrin in nestling 
plasma ranged from ND to 48.61 µg/kg with 38.9% of nestling plasma samples having concentrations 
below detectable limits. Dieldrin in nestling plasma samples at VNP increased 50.25% when the 5 year 
geometric means were compared from 1997 to 2001 and 2006 to 2010. Hg, total PCBs, and 4,4’-DDE have 
decreased at VNP and any increases in are likely due to atmospheric sources. Dieldrin concentrations have 
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 This thesis was written in journal style and organized into four chapters, each 
comprised of an introduction, methods, results, discussion, and conclusion. Chapters two 
and three are intended for publication and repetition among sections of all four chapters 
may be present (i.e., Introduction, Methods, Results, Discussion, and References). 













Bald Eagles as Bioindicators 
Bald eagles (Haliaeetus leucocephalus) are an avian species that have been used 
to monitor environmental contaminants such as mercury (Hg), methylmercury (MeHg), 
polychlorinated biphenyls (PCBs), and organochlorine pesticides (OCs) in North 
America (Bowerman et al. 1994; Roe 2001; Jagoe et al. 2002; Dominguez et al. 2003; 
Evers et al. 2005; Cesh et al. 2008; Bechard et al. 2009; Dykstra et al. 2010). Since the 
1960s the effects of enivornmental contaminants on avian species have risen in concern 
for scientists and policy makers. Tertiary avian predators are used as an efficient and 
effective way to monitor concentrations, trends, and effects of environmental 
contaminant exposure in aquatic ecosystems. Bald Eagles were first suggested for use as 
a biosentinel of water quality by the Great Lakes Water Quality Agreement and were 
suggested by the International Joint Commission (IJC) as a monitor of ecosystem health 
and water quality (Bowerman et al. 2002). Numerous studies from Florida, South 
Carolina, Maine, Wisconsin, California, and the Great Lakes region in the United States, 
and British Columbia, Ontario, and Newfoundland in Canada have used bald eagle 
nestlings as an indicator of environmental contaminant concentrations and ecosystem 
health (Bowerman et al. 1994; Roe 2001; Jagoe et al. 2002; Dominguez et al. 2003; Evers 
et al. 2005; Cesh et al. 2008; Bechard et al. 2009; Dykstra et al. 2010). 
Life history characteristics and sampling methods are well documented for bald 




concentrations (Hollamby et al. 2006). Because the bald eagle has been intensively 
studied, it is one of a few species for which an actual population measure can be 
determined rather than an index, giving accurate population sizes and distributions 
(Bowerman et al. 2002). Since bald eagles are territorial nesters and actively defend their 
territory, they provide a representation of the contaminant concentrations in their micro-
environment (Bowerman et al. 1995). Bald eagles are long lived and in many situations 
use the same nest and territory for multiple years thus providing an opportunity to 
monitor concentrations of contaminants on a temporal scale (Hollamby, et al. 2006). The 
bald eagle is a piscivorous tertiary predator at the top of many aquatic food webs 
(Bowerman et al. 1995).  This allows monitoring efforts to assess the bioaccumulative 
effect of environmental contaminants, providing insight into the health of the ecosystem 
and water quality (Bowerman et al. 2002). 
Mercury Contamination 
Mercury (Hg) is present naturally in the environment but in recent years 
concentrations of Hg in the aquatic environment have increased to concentrations that 
may affect avian species. Hg has three major sources in the environment: natural deposits 
in the soil; point source anthropogenic releases; and, wet and dry atmospheric deposition 
(Chan et al. 2003; Driscoll et al. 2007). Natural releases of Hg depend on the amount 
present in the bedrock and soils of an area. This Hg is released as the soils and bedrock 
weather by chemical processes over time. Anthropogenic point sources are typically 
associated with toxic waste dumps/spills, chlor-alkali plants (Firmreite 1974; Gardner et 




Evers et al. 2005; Driscoll et al. 2007), wastewater treatment plants (Glass et al. 1990), 
and medical waste incineration (Driscoll et al. 2007).  The final source of Hg is 
atmospheric deposition, a natural and anthropogenic process that can affect ecosystems 
on a global scale (Chan et al. 2003; Evers et al. 2005; Driscoll et al. 2007). Hg is released 
into the atmosphere by geological events such as volcanic activity (Chan et al. 2003). 
Humans currently contribute 33% to 36% of global Hg emissions through electric 
utilities, burning fossil fuels, and waste incinerators while the remainder is from other 
forms of anthropogenic emissions and natural sources (Chan et al. 2003; Driscoll et al. 
2007). Much of the anthropogenic deposition to North America comes from an airshed 
shared with many rapidly developing and less regulated Asian countries. These factors 
have all contributed to the increase in Hg concentrations in VNP and its surrounding 
areas. 
Natural deposits of Hg are typically released due to soil water inundation from 
rivers, natural flooding cycles in lakes and rivers, and human induced water inundation 
(Ramal et al. 1987; Sorensen et al. 1990). Natural processes involving sulfate-reducing 
bacteria convert inorganic Hg to methlymercury (MeHg) during these inundation events 
releasing Hg from the soil in its most toxic form (Westcott and Kalff 1996). MeHg, 
unlike inorganic Hg, is bioavailable for uptake by organisms at the lowest trophic level. 
MeHg is harmful because it biomagnifies in food webs. When MeHg concentrations 
increase, the effects are magnified, culminating with the greatest effects on tertiary 




for study and requires constant monitoring to ensure concentrations do not reach levels 
that cause serious harm at the individual, population, and ecosystem levels.  
Hg in bald eagles has been studied since the 1960s because of concern about its 
effects on species’ health and survival. While the effects and threshold concentrations are 
unknown for eagles it has been shown to cause adverse effects on behavior, reproduction, 
hormone production, and neurological function in other avian species (Chan et al. 2003; 
Sheuhammer et al. 2007; Burgess and Meyer 2007; Evers et al. 2007). There is no 
significant relationship between feather Hg concentrations and reproduction rates in bald 
eagles (Bowerman et al. 1994). Hg may be associated with neurological effects in bald 
eagles but no significant concentration has been established nor have specific acute or 
chronic effects in neurological function and behavior been determined (Scheuhammer et 
al. 2008). Studies also show that bald eagles have a natural ability to convert harmful 
MeHg to less harmful inorganic forms, keeping concentrations in the vital areas of the 
body, such as the brain, lower than in other species (Scheuhammer et al. 2007; 
Scheuhammer et al. 2008). The species’ apparent ability to bioccumulate Hg and then 
minimize its effects allows for a steady base population from which to draw observations 
when assessing environmental Hg concentrations. Bald eagle populations at Voyageurs 
National Park (VNP) have been monitored since 1973 with feather samples collected 
from nestling eagles since 1989 (Grim and Kallemeyn 1995). This long term monitoring, 
combined with minimal localized anthropogenic contamination affords an opportunity to 





Polychlorinated Biphenyls and Organochlorine Pesticides 
Polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCs) were used 
heavily in the period following World War II until their ban in the 1970s (Bowerman et 
al. 1995). PCBs and OCs are highly persistent, bioavailable compounds that have been 
implicated in causing harmful effects to exposed avian species (Dykstra et al. 2010). Bald 
eagles are one of the species most affected by these compounds. The OC 
dichlorodiphenyldichloroethane (DDT) and its metabolites have been the primary cause 
of large scale declines in bald eagle populations in North America due to the compounds 
wide spread use as an agricultural insecticide (Kozie and Anderson 1991; Bowerman et 
al. 1995; Donaldson et al. 1999). After its ban in the 1970s, the population began to 
recover, but those associated with the Great Lakes region of the United States still 
showed low population numbers and reproduction rates (Bowerman et al. 1995; 
Donaldson et al. 1999). It was later determined that other environmental contaminants, 
particularly PCBs, were the cause of slow population recovery in the Great Lakes region. 
PCBs were used in electrical transformers and industrial lubricants, and discharged as 
industrial effluent into rivers and lakes. The compounds still persist in the environment 
and affect avian species in many regions of North America (Cesh et al. 2008). 
DDT and its degradation products were found to be highly toxic and abundant, 
causing harmful effects to bald eagles. OCs undergo biotransformation in aquatic 
ecosystems creating multiple compounds with varying toxicites, biomagnification factors, 
and bioavailabilities. Dichlorodiphenyldichloroethylene (4,4’-DDE) the most toxic 




eggshell thickness of bald eagle eggs (Wiemeyer et al. 1984, 1993). Eggshell thinning 
caused diminished reproduction rates and a significant population decline in bald eagles 
and other avian species. DDT and other OCs were common agricultural pesticides in 
many parts of North America where they extensively applied to croplands and forests. 
Subsequently exposed agricultural ecosystems had large amounts of contaminanted 
runoff that washed into many watersheds (Gilliom et al. 1990). Once DDT was banned in 
the United States in the early 1970’s, most bald eagle populations began to recover, while 
others still showed diminished reproduction and other morphological effects (Bowerman 
et al. 1995; Donaldson et al. 1999). 
PCBs were the contributing factor to slow recovery in these areas (Bowerman et al. 
1995). PCB congeners are highly persistent environmental pollutants that bioaccumulate 
and biomagnify in aquatic food webs (Donaldson et al. 1999; Dyksra et al. 2010). PCB 
contamination resulted from their release in effluent from factories, or from poorly 
constructed waste dumps, waste incineration, and landfills (Breivik et al. 2002). PCBs 
contributed to low viability of eggs and teratogenic effects such as crossed beaks and 
splayed legs (Bowerman et al. 1994, 1998; Donaldson et al. 1999). PCBs, like OCs, were 
banned in the 1970’s, but bald eagle recovery in some areas was still negatively affected 
due to their highly persistent nature. 
Historically PCBs and OCs originated from their use and direct release into the 
environment, but recently new sources have emerged. PCB and OC atmospheric 
deposition is a major contributor to the transport and distribution of PCBs and OCs in the 




accumulates in northern latitudes and is deposited mostly by gas exchange with water 
(Bruhn et al. 2003; Wiener et al. 2006). It is suspected that OCs and PCBs are still used 
in many areas of the world, especially in developing nations in Europe, Asia, and the 
Caribbean (Hoff et al. 1992; Anthony et al. 2007). Less chlorinated and more volatile 
PCBs and OCs can be deposited from these areas onto North America in route to being 
sequestered in the arctic regions (Hoff et al. 1992; Anthony et al. 2007).  Cooler climates 
and longer winters lead to deposition rates, which are greater than the rate of 
volatilization, causing an accumulation of toxicant residues in bodies of water. This 
chemical property makes the Great Lakes region and other lakes in the upper Midwest of 
the United States possible sinks for these volatilized OC and PCB compounds.  
Study Area 
Voyageurs National Park (VNP) is located on the Canada and United States (US) 
border in northern Minnesota (Figure 1). It is a collection of large impoundments that 
support a well-documented population of bald eagles. The park area is 88,628 ha and was 
established in 1975. VNP consists of 30 named lakes, with 3 main lakes making up 39% 
of the total park area:  Rainy, Namakan, and Kabetogama lakes (Grim and Kallemeyn 
1995). These lakes make ideal habitat for bald eagles, but have not been completely 
isolated from the effects of global industrialization due to atmospheric deposition (Evers 
et al. 2005). Lakes in general are found to have the highest Hg concentrations compared 
to riverine and costal systems (Scheuhammer et al. 2007). VNP fits into this most 
sensitive category, and combined with its hundreds of bogs, and over 1,000 beaver ponds 




These bogs and beaver ponds contribute to Hg methylation in the park, which contributes 
to bioavailable MeHg concentrations. There is also minimal industry and agriculture 
around the Park and its large open water bodies. Therefore, VNP is an ideal place to 
examine the effects of atmospheric deposition, and the recycling of contaminants in 
sediments, as they decrease over time in relatively natural settings. 
Sources of Mercury and Methyl Mercury at VNP 
Natural substrate, anthropogenic inputs, and atmospheric deposition are the three 
major sources of Hg in most environments. Usually, bedrock high in Hg, is not common 
east of the Rocky Mountains. This source of Hg at VNP in not the main contributing 
factor since VNP sits on gabbros and granite glacial deposits, which are inherently low in 
Hg (Sorensen et al. 1990). Point source anthropogenic inputs have a minor influence on 
Hg concentrations in VNP because it is not completely free of all human input (Sorensen 
et al. 1990). Also VNP shares a watershed with other areas around the park that have 
minor anthropogenic inputs and watershed inputs making up 40% of the Hg in sediments 
of VNP (Sorensen et al. 1990). The major source of Hg in VNP comes from atmospheric 
origins. Atmospheric deposition on average accounts for 60% of the Hg loads in 
sediments at VNP (Sorensen et al. 1990; Wiener et al. 2006). Atmospheric deposition 
mostly occurs in the form of wet deposition through precipitation, but Hg can diffuse 
directly from the atmosphere into plants (Sorensen et al. 2006). This plant material 
decomposes and Hg enters the watershed with dissolved organic matter. Gas phase 
atmospheric concentrations of Hg do fluctuate at VNP, but not enough to account for 




Concentrations of MeHg are dependent on microbial production and 
environmental processes that are typically dictated by environmental factors. Water 
chemistry is a major factor effecting the concentration of MeHg and the rate of 
methylation. High sulfate content in sediments and water promotes growth of sulfate-
reducing bacteria, which in turn increases methylation of inorganic Hg (Wiener et al. 
2006). Lower pH increases the efficiency of sulfate-reducing bacteria also increasing 
methylation (Wiener et al. 2006). Connectivity of wetlands is also another important 
factor in methylation of Hg and concentrations of MeHg (Wiener et al. 2006). Wetlands 
are typically associated with methylation because they provide ideal habitats for sulfate-
reducing bacteria. They are also high in dissolved organic matter, which MeHg binds to, 
transporting it through out water bodies (Wiener et al. 2006).  
Sources of PCBs and OCs at VNP 
Numerous sources have been attributed to PCB and OC concentrations in North 
America. Common sources of PCBs are industrial waste releases and disposal sites. OCs 
have historically originated in agricultural applications where they entered aquatic 
systems as agricultural runoff (Gilliom et al. 1990). Only in recent decades has 
atmospheric deposition been considered a means of transport and distribution of PCBs 
and OCs throughout the environment (Anthony et al. 2007). Many countries in Asia and 
Europe still have minimal regulations on the use of OCs and PCBs, and many sites 
around the world are still contaminated with these compounds (Hoff et al. 1992; Anthony 




VNP since direct sources of these compounds were mostly eliminated in the 1970s when 
they were banned (Anthony et al. 2007).  
PCBs and OCs are so persistent in the environment, that 30 years after production 
was stopped in North America, they are still present in the sediments. Sediments are a 
very important factor in the retention and persistence of PBCs and OCs, since they retain 
the less volatile species of the compounds, especially in more northerly latitudes (Iwata et 
al. 1995). The cooler temperatures and water temperatures in the Great Lakes also 
increases the persistence of PCBs and OCs in lake sediments (Grimalt et al 2004). Also, 
aquatic sediments contain concentrations of PCBs and OCs higher than soils (Gimalt et 
al. 2004). Although most contamination of sediments is due to as past releases, more 
recently, atmospheric deposition has been attributed as a source of sediment 
contamination (Grimalt et al 2004).  Sediments retain PCBs and OCs for long periods of 
time, but they do contribute to the biodegradation and de-chlorination of PCBs and OC 
compounds (Grimalt et al 2004).  
Objectives 
The overall objective of this study was to analyze environmental contaminant 
concentrations in nestling bald eagles at VNP to determine spatial and temporal trends 
among the lakes, nesting territories, and individual nests. I utilized two types of samples, 
feathers and plasma, to analyze for the contaminants at VNP. The first chapter examined 
concentrations of Hg in feathers of nestling bald eagles. It has three major objectives: (1) 
to determine if any temporal trends exist in Hg concentrations at the park, and individual 




are located in specific areas of the park; and, (3) to address possible reasons for any 
elevated concentrations and trends in Hg that appear. The second chapter examined 
concentrations of OC pesticides and PCBs in plasma of nestling bald eagles. It has three 
major objectives: (1) to determine if an temporal trends exist in PCB and OC 
concentrations at the park and individual lake scales; (2) to determine if nests and nesting 
territiories with high concentrations of PCBs and OCs are located in specific areas of the 
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USING NESTLING BALD EAGLE FEATHERS TO ASSESS SPATIAL AND 




Mercury (Hg) is present naturally in the environment but in recent years concentrations 
of Hg in the aquatic environment have increased to concentrations that may affect avian 
species. Hg has three major sources in the environment: natural deposits in the soil; point 
source anthropogenic releases; and, wet and dry atmospheric deposition (Chan et al. 
2003; Driscoll et al. 2007). Natural releases of Hg depend on the amount present in the 
bedrock and soils of an area. This Hg is released as the soils and bedrock weather by 
chemical processes over time. Anthropogenic point sources are typically associated with 
toxic waste dumps/spills, chlor-alkali plants (Firmreite 1974; Gardner et al. 1978; Barr 
1986; Adair et al. 2003), mining and smelting operations (Chan et al. 2003; Evers et al. 
2005; Driscoll et al. 2007), wastewater treatment plants (Glass et al. 1990), and medical 
waste incineration (Driscoll et al. 2007).  The final source of Hg is atmospheric 
deposition, a natural and anthropogenic process that can affect ecosystems on a global 
scale (Chan et al. 2003; Evers et al. 2005; Driscoll et al. 2007). Hg is released into the 
atmosphere by geological events such as volcanic activity (Chan et al. 2003). Humans 
currently contribute 33% to 36% of global Hg emissions through electric utilities, 




of the anthropogenic deposition at Voyageurs National Park comes from an airshed 
shared with many rapidly developing and less regulated Asian countries. These factors 
have all contributed to the increase in Hg concentrations in VNP and its surrounding 
areas. 
Natural deposits of Hg are typically released due to soil water inundation from 
rivers, natural flooding cycles in lakes and rivers, and human induced water inundation 
(Ramal et al. 1987; Sorensen et al. 1990). Natural processes involving sulfate-reducing 
bacteria convert inorganic Hg to methlymercury (MeHg) during these inundation events 
releasing Hg from the soil in its most toxic form (Westcott and Kalff 1996). MeHg, 
unlike inorganic Hg, is bioavailable for uptake by organisms at the lowest trophic level. 
MeHg, like other environmental contaminants, is harmful because it biomagnifies in food 
webs. When MeHg concentrations increase, the effects are magnified, culminating with 
the greatest effects on tertiary species (Evers et al. 2003). This characteristic of MeHg 
makes it a relevant contaminant for study and requires constant monitoring to ensure 
concentrations do not reach concentrations that cause serious harm at the individual, 
subpopulation, population, and ecosystem levels.  
Bald Eagles and Hg Monitoring 
Bald eagles (Haliaeetus leucocephalus) are a species used to monitor contaminants such 
as Hg and MeHg in North America (Bowerman et al. 1994; Jagoe et al. 2002; Evers et al. 
2005; Bechard et al. 2009). Since the 1960s the effects of MeHg on avian species have 
risen in concern for scientists and policy makers. They have used tertiary avian predators 




environmental Hg exposure in aquatic ecosystems. Bald Eagles were first suggested for 
use as a biosentinel of water quality by the Great Lakes Water Quality Agreement and 
has been suggested by the International Joint Commission (IJC) as a monitor of 
ecosystem health and water quality (Bowerman et al. 2002). Numerous studies from 
Florida, South Carolina, Maine, and the Great Lakes region have used bald eagle 
nestlings as an indicator of Hg concentrations and ecosystem health (Bowerman et al. 
1994; Jagoe et al. 2002; Evers et al. 2005; Bechard et al. 2009). 
Life history characteristics and sampling methods are well documented for bald 
eagles, making it an ideal bioindicator species of Hg concentrations (Hollamby et al. 
2006). Because the bald eagle has been intensively studied, it is one of a few species for 
which an actual population measure can be determined rather than an index, giving 
accurate population sizes and distributions (Bowerman et al. 2002). Since bald eagles are 
territorial nesters and actively defend their territory, they provide a representation of the 
Hg concentrations in their micro-environment (Bowerman et al. 1995). Bald eagles are 
long lived and in many situations use the same nest and territory for multiple years thus 
providing an opportunity to monitor concentrations of Hg on a temporal scale (Hollamby, 
et al. 2006). Another important characteristic of the species is that it is a piscivorous 
tertiary predator at the top of many aquatic food webs (Bowerman et al. 1995).  This 
allows monitoring efforts to assess the bioaccumulative effect of Hg in the environment, 





Hg in bald eagles has been studied since the 1960’s because of concern about 
environmental contaminants and the species’ health and survival. While the effects and 
threshold concentrations are unknown for eagles has been shown to cause adverse effects 
on behavior, reproduction, hormone production, and neurological function in other avian 
species (Chan et al. 2003; Sheuhammer et al. 2007; Burgess and Meyer 2007; Evers et al. 
2007). There is no significant relationship between feather Hg concentrations and 
reproduction rates in bald eagles (Bowerman et al. 1994). However, Hg may be 
associated with neurological effects in bald eagles but no significant concentration has 
been established nor have specific acute or chronic effects in neurological function and 
behavior been determined (Scheuhammer et al. 2008). Studies also show bald eagles have 
a natural ability to convert harmful MeHg to less harmful inorganic forms keeping 
concentrations in the vital areas of the body, such as the brain, lower than in other species 
(Scheuhammer et al. 2007; Scheuhammer et al. 2008). The species’ apparent ability to 
biaccumulate Hg and then minimize the effects of Hg allows for a steady base population 
of which to draw observations when assessing environmental Hg concentrations. Bald 
eagle populations at VNP have been monitored since 1973 with feather samples collected 
from nestling eagles since 1989 (Grim and Kallemeyn 1995). This long term monitoring, 
combined with minimal localized anthropogenic contamination affords an opportunity to 
monitor trends and atmospheric deposition. This study of VNP provides a comparison 
with the Michigan Bald Eagle Biosentinel Project and serves as a control site for that 






VNP is located on the Canada and United States (US) border in northern Minnesota 
(Figure 1). It is a collection of large impoundments that support a well-documented 
population of bald eagles. According to the National Park Service the park covers 88,628 
ha and was first established in 1975. VNP consists of 30 named lakes with 3 main lakes 
making up 39% of the total park area:  Rainy, Namakan, and Kabetogama lakes (Grim 
and Kallemeyn 1995). These lakes make ideal habitat for bald eagles but have not been 
completely isolated from the effects of global industrialization due to atmospheric 
deposition (Evers et al. 2005). Lakes in general are found to have the highest Hg 
concentrations compared to riverine and costal systems (Scheuhammer et al. 2007). VNP 
fits into this most sensitive category and combined with its hundreds of bogs and over 
1,000 beaver ponds (Grim and Kallemeyn 1995) the park has great potential for high 
methylation of Hg. These bogs and beaver ponds contribute to Hg methylation in the 
park, which contributes to bioavailable MeHg concentrations.   
Methods 
Aerial Surveys 
Aerial surveys are flown by a pilot and observer during the second week in April. The 
shorelines of all three large lakes and inland lakes where eagle activity has been observed 
are flown and occupied nests are recorded. New nest locations are recorded in latitude 
and longitude using a Global Positioning System unit and then assigned nest names, 
numbers, and territories. After the initial survey, a second is conducted the first week in 




Successful nests are recorded along with nest site characteristics such as tree species, tree 
form, and best means of access. In June, just prior to banding, a third flight is conducted 
of productive nests to determine if young are still present. In early July a final flight is 
conducted to determine the number of young per breeding area and success of nests 
fledging at least one young. The number of flights conducted and data recorded are 
subject to aircraft availability and weather. Ariel flights determine occupied nests for 
field crew to samples. Nest trees are climbed and nestlings are lowered to the ground for 
sampling. On the ground morphometric measurements, for age and sex determination, 
and 3 to 5 breast feathers are taken before the nestlings are banded and returned to the 
nest (Bortollotti et al. 1984). 
Sample Preparation 
Feather samples are first washed using an approximate 5% commercial low acid 
detergent, Citranox®, combined with water in a plastic bag. The feathers are then placed 
in clean bags and rinsed three times with distilled water before storage in 2 ml screw top 
vials. The caps of the vials are then removed and Chemwipes® are folded around the 
open top and secured with rubber bands. After all feather samples are washed and 
prepared they are placed in the freezer for at least 24 h before freeze drying. The nestling 
feathers are freeze dried for 72 h after which they are placed in a vacuum to keep out 
moisture until the samples are digested. Samples are then weighed to 0.05g (0.005g), 
placed in 100 ml glass digestion tubes, and capped with a glass marble. Samples are 
digested in groups of 16. Once a group is weighed, 10 ml of a 70:30 concentrated trace 




feather samples. The samples are placed in a block heater at 80C for 30 min. After 30 
min the samples are removed and allowed to cool for 30 min. The solutions are then 
poured into 250 ml glass jars and diluted to 1:20 (v/v) using deionized water. Parafilm® 
was placed over the jars and the caps are tightened over the Parafilm®.  
Hg Analysis 
The samples are analyzed and quantified using the United States Environmental 
Protection Agency Method 245.7. This method for total Hg requires use of a cold vapor 
Atomic Florescence Spectrometer (AFS) (Aurora AI 3200). The instrument parameters 
for Hg are: detector wavelength 237.7 nm, gas flow rate = 400 ml/min, pump speed = 60 
rpm, atomized temperature= 200°C, rinse time = at least 60 sec, uptake time = 60 sec, 
integration time = 20 sec, 3 replicates, and reductant = 10% (w/v SnCl2 in 10% (v/v) 
HCl). The detection limit for Hg on the AFS is 1.0 ng/L. 
 The sample Hg concentrations are estimated and checked for quality assurance 
using Hg Reference Standard Solution by Fisher Scientific and prediction curves. An 
initial standard solution of 1000 mg/kg (±1%) is used to make five different Hg solutions 
(1, 2, 5, 10, and 20 mg/kg). These standards are analyzed on the AFS with three 
replicates to calculate a standard curve for estimation of sample Hg concentrations. 
Quality checks are preformed after every 5 samples to assure correct instrument and 
standard readings. If the quality check differs from the standard curve the readings are 
thrown out, a new standard curve is calculated, and the samples are rerun. After the 
samples are run they are then adjusted for the dry weight of the initial feathers giving 




Data Analysis for Temporal Trends 
The objective of this analysis was to use graphical methods to determine if the Hg 
concentrations have changed over time.   Before analysis began all Hg concentrations 
below the detection limit of the AFS were replaced with half of the detection limit 
(0.0005 mg/kg).  The geometric means for Hg samples in each year and each lake were 
calculated.  The geometric mean was chosen over the arithmetic mean to account for the 
highly skewed distributions of Hg concentrations within each year and lake sample.   
These geometric means were then plotted in scatter-plots verses year to look for trends 
and/or patterns in Hg across years, separately for each lake.  All calculations and plotting 
was performed using the SAS based statistical program JMP 8 (JMP 1989-2007).   
Data Analysis for Spatial Differences 
 The objective of this analysis is to use graphical methods and simple statistics to 
determine if elevated Hg concentrations occurred in the different territories and lake 
samples.  The Hg concentrations are plotted in a scatter-plot verses territory sample 
separately for each lake. Since no critical concentration of concentration for feather Hg 
has been established, careful visual inspection of the scatter-plot and a box-and-whisker 
plot are used to establish a concentration of 20 mg/kg for individual nest to separate the 
highest 5% of the nest samples.   The same method is used to determine a geometric 
mean of 10 mg/kg to separate the highest 5% of nest territories with more than one 
individual nest sample. Using the critical value and scatter-plots, nests and territories in 
each lake with the highest concentrations of Hg over the last twenty years were 




map of VNP to determine if these elevated nest and territories are associated with specific 
areas of VNP.  All calculations and plotting is performed using the SAS based statistical 
program JMP 8 (JMP 1989-2007).  
Results 
 
The ability to report detectable concentrations of Hg in feathers of nestling eagles has 
changed over time. In 1989, Hg was detected in all samples from VNP; from 1999-2010, 
10% of the samples contained Hg concentrations below the detection limits of the AFS. 
The range of detected Hg concentrations in VNP for the past 12 years is ND to 34.97 
mg/kg with the highest detected concentration on Namakan Lake in 2010 (Fig 2). Annual 
geometric means decreased by 77.4% from 1989 to 2010 (Bowerman et al 1994). The 
greatest decrease in Hg concentrations from year to year occurred from 1999-2000 when 
lake concentrations on Rainy and Namakan lakes were controlled by the International 
Joint Commission (IJC) (Fig 2) (IRLBC, 2004).  Hg concentrations in feathers of nestling 
eagles over the past 5 years for Rainy, Kabetogama, and Namakan lakes are 6.08, 1.07, 
and 5.56 mg mg/kg respectively, which represent major decreases since 1989 on all three 
lakes (68.9%, 72.1%, and 58.4% respectively; Fig 3; Bowerman et al. 1994). Over the 
past 5 years, nests with high concentrations have not been characteristic of all samples 
since 22% of the samples since 2006 are below detectable limits and only 2 samples are 
greater than 20 mg/kg.  Since 1999 no significant trends are found on Rainy and 
Kabetogama lakes (P= 0.6421, 0.1531, respectively), but a significant increase on 
Namakan Lake was found (P=0.0118, Fig 3). Spatial analysis of the VNP data over the 




more prone to high mercury concentrations. Examining nest locations with 
concentrations over 20 mg/kg and territories with means greater than 10 mg/kg it is 
discernable that 4 territories and 9 nest sites are concentrated in two areas of the park. 
One area is located in the northwestern portion of the park on Rainy Lake, specifically 
near Black’s Bay. The other area is on Crane Lake in the southeastern portion of the park 
listed in the Namakan Lake designation.  
Discussion 
Mercury has serious adverse effects on some wildlife species. Hg can cause hormonal, 
behavioral, and neurological effects, all of which have been implicated in diminished 
reproductive success in wildlife. Hg effects have been studied in multiple species of 
amphibians, reptiles, mammals, and birds, but no adverse effects have been observed in 
bald eagles. A concentration of 0.5 mg/kg of Hg in the eggs of bald eagles has been 
considered a lethal threshold for failure to hatch based on effects observed in mallard 
ducks (Anas platyrhynchus) (Heinz 1979; Wiemeyer et al. 1984). Concentrations in 
adults as low as 7.5 mg/kg dry weight in feathers can cause sublethal effects in other 
avian species (Eisler 1987; Bechard et al. 2009). These threshold concentrations are 
unlikely for bald eagles because in both studies no organochlorine and polychlorinated 
biphenyl testing was performed. This is important because these compounds have similar 
effects to those caused by Hg, and without examination of these other compounds, it is 
impossible to determine what caused the observed reproductive and sub-lethal effects. To 
this point no field studies show a relationship between Hg concentrations and diminished 




Other studies have shown bald eagles have an inherent ability to metabolically 
demethylate MeHg in the body reducing concentrations in the critical organs such as the 
brain and liver (Scheuhammer et al. 2008). Research has also determined that in bald 
eagles, feathers act as an Hg sink, with 49-93% of the total Hg burden being sequestered 
in the feathers and eliminated from the body with each molt (Bowerman et al. 1994; 
Jagoe et al. 2002). With studies examining concentrations of Hg in multiple tissues and 
still finding no relationship to adverse effects, it is difficult to say that Hg at observed 
concentrations is having any adverse effects on bald eagles.  
Bald eagles from the Great Lakes region have been sampled for Hg since the mid 
1980’s and data exists for comparative purposes covering the same time periods as this 
study (Fig 4). Concentrations in nestling feathers from around the Great Lakes ranged 
from 1.5-27 mg/kg Hg, which is close to the ND-34.97 mg/kg Hg range found at VNP in 
this study. When comparing the geometric mean measured in nestlings of 8.0 mg/kg in 
the upper and lower peninsulas of Michigan 1984-1989, and 3.7 mg/kg on lakes Superior, 
Huron, and Michigan, VNP had the greatest geometric mean of 18.33 mg/kg (Bowerman 
1994). VNP is adjacent to the Great Lakes region, but clearly either the atmospheric 
deposition or the methylation rate is greater than within the Great Lakes region. The 
major source of Hg in VNP is atmospheric deposition (Wiener et al. 2006). This being 
the case, the rise in Hg concentrations since 2007 at VNP is cause for concern suggesting 
emissions that are reaching North America from coal burning developing Asian nations 




since atmospheric Hg from developing Asian and global sources does reach the upper 
Midwest and potential for methylation is great. 
 Mercury concentrations in nestling bald eagles have been studied in areas other 
than the Great lakes including South Carolina, Florida, and Maine over the past 20 years 
(Fig 4). In South Carolina, 1998-1999, Hg concentrations from nestling feathers ranged 
from 0.61-6.67 mg/kg, while in 1999 at VNP nestling concentrations ranged from 5.57-
25.55 mg/kg, considerably higher (Jagoe et al. 2002). This again supports the idea that 
atmospheric deposition has a greater effect on VNP than other areas of North America. 
Concentrations in Florida were similar to those in the Great Lakes with a geometric mean 
of 3.23 mg/kg in 1991-93 but the closest years at VNP 1989, 18.33 mg/kg, and 1999, 
13.73 mg/kg, are much higher than those found in Florida in the early 1990’s (Wood et 
al. 1996). The concentrations in Florida did not considerably differ from those in South 
Carolina, which is reasonable considering that they share similar air shed conditions. 
Bald eagles in Maine show slightly higher concentrations than Florida and South 
Carolina with a geometric mean of 7.2 mg/kg (Welch 1994). This could be because the 
airshed Maine shares is with the heavily industrialized Northeast. The concentrations at 
VNP in 1989 (18.33 mg/kg) when compared to these other studies 1990-1993 are much 
greater. Other Great Lakes species also show these elevated trends in Hg especially those 
with piscivorous feeding habits (Giesy et al. 1994; Haines et al. 2004).  
 Fish, mammals, and birds all bioconcentrate Hg at VNP and within the Great 
Lakes region, and show similar concentrations to nestling bald eagles. Fish are a major 




et al. 2006). Lake trout (Salvelinus namaycush), walleye (Sander vitreus), and northern 
pike (Esox lucius) have the highest Hg concentrations of fish at VNP (Sorensen et al. 
1990; Bhavsar et al. 2010). Northern pike make up a major portion of the bald eagles diet 
(Giesy et al. 1994). Concentrations in feathers of nestling eagles from the Great Lakes 
have decreased since the mid 1970’s (Bowerman 1993). Hg concentrations have been 
increasing since 2000, which could be a reason why Hg concentrations in VNP have been 
increasing since 2007 (Fig 2). Hg has also been studied in piscivorous mammals such as 
river otters (Lutra canadensis) and mink (Mustela vison), and Hg concentrations in their 
tissues have been increasing in recent years (Evans et al. 2000; Basu et al. 2007). River 
otters, like bald eagles, have an inherent ability to demethylate MeHg in the brain acting 
as an Hg buffering system (Haines et al. 2004). Mink, like common loons (Gravia 
immer), do not have this metabolic pathway and show effects of Hg concentrations in 
their reproduction, behavior, and neurological function (Evans et al. 2000; Scheuhammer 
et al. 2007). These species, like eagles, have shown recent increases in mean Hg 
concentrations, which could be a product of their microenvironments and prey sources. 
This examination of VNP also found specific areas of the park that have high Hg 
concentrations. All nesting locations and territories with elevated Hg concentrations were 
located on Rainy and Namakan lakes except for those from 1989. The areas of the park 
with elevated concentrations are on the northwestern and southeastern boundaries of the 
park. The northwestern area in Black’s Bay is potentially due to a point source but is 
likely caused by issues related to water level control and drought. The southeastern areas 




Lake. These areas have had high Hg concentrations in fish, and an advisory was issued 
for fish consumption (Sorensen et al. 1990). Overall Hg concentrations in the Park have 
considerably decreased since 2000-2001. This drop is probably attributed to the 
stabilization of the water levels in the three main lakes of the Park since research has 
shown that great change in water levels increase MeHg concentrations (Sorensen et al. 
2005). Extremely low water levels due to drought, caused the IJC to stabilize water levels 
in the lakes (IRLBC 2004). This control was responsible for the annual geometric means 
of Hg concentration in nestling feathers dropping 74.4% from 1989-2010. However, 
since 2007, Hg geometric mean levels have been rising.  This could potentially be due to 
multiple sources and factors affecting Hg concentrations in the Park. 
 Natural substrate, anthropogenic inputs, and atmospheric deposition are the three 
major sources of Hg in most environments. Usually bedrock high in Hg is not common 
east of the Rocky Mountains. This source of Hg at VNP in not the main contributing 
factor since VNP sits on gabbros and granite glacial deposits, which are inherently low in 
Hg (Sorensen et al. 1990). Anthropogenic inputs have a minor influence on Hg 
concentrations in VNP because it is not a completely remote area, free of all human input 
(Sorensen et al. 1990). Also VNP shares a watershed with other areas around the park 
that have minor anthropogenic and watershed inputs making up 40% of the Hg in 
sediments of VNP (Sorensen et al. 1990). The major source of Hg in VNP comes from 
atmospheric origins. Atmospheric deposition on average accounts for 60% of the Hg 
loads in sediments at VNP (Sorensen et al. 1990; Wiener et al. 2006). Atmospheric 




leave the atmosphere directly into plants (Sorensen et al. 2006). This plant material is 
then decomposed where the Hg can enter the watershed. These atmospheric 
concentrations of Hg do fluctuate at VNP, but not enough to account for fluctuations in 
concentrations of MeHg (Wiener et al. 2006). 
Concentrations of MeHg are dependent on microbial production and 
environmental processes that are typically dictated by environmental factors. Water 
chemistry is a major factor effecting the concentration of MeHg and the amount of 
methylation occurring. High sulfate content in sediments and water promotes growth of 
sulfate-reducing bacteria, which in turn increases methylation of inorganic Hg (Wiener et 
al. 2006). Also lower pH increases the efficiency of sulfate-reducing bacteria thus 
increasing methylation (Wiener et al. 2006). Connectivity of wetland is also another 
important factor in methylation Hg and concentrations of MeHg (Wiener et al. 2006). 
Wetlands are typically associated with methylation because they provide ideal habitats 
for sulfate-reducing bacteria. They are also high in dissolved organic matter, which 
MeHg binds to and then can be transported through out water bodies (Wiener et al. 
2006). These different environmental factors can account for the fluctuation in MeHg 
concentrations at VNP.  
Conclusions 
The bald eagles in VNP are in no immediate danger of elevated Hg concentrations but 
with countries becoming more industrialized around the world, it will be important to use 
this species, and study area, to monitor environmental Hg concentrations. With increasing 




the environment will become even more important. Since most of VNP’s Hg 
contamination comes from atmospheric deposition it can be a useful location in 
monitoring atmospheric Hg concentrations. Further monitoring of the bald eagle 
population at VNP will be essential to monitor possible point sources and keep a check 
on how lake and park management are affecting the Hg in the ecosystem. This is a long-
term data set, and the longer it is continued, the more knowledge can be gained 
concerning environmental pollution, bioavailability, biomagnifications, and species 
adaptation and tolerance to Hg. VNP is a natural wonder and strict monitoring, 
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Fig. 2.2 Geometric means of Hg (mg/kg) by year from 1999-2010 in Voyageurs National Park. The 































Fig. 2.3 Yearly geometric means of Hg in feathers of nestling eagles by lake. Only the trend 
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Fig. 2.4 Values are geometric means except for South Carolina 1999, which is an arithmetic mean. All values are calculated from Hg levels determined 
by analysis of nestling bald eagle feathers. VNP=Voyageurs National Park, Minnesota, USA; UP=Upper Peninsula, Michigan, USA; LP=Lower 
Peninsula, Michigan, USA; ME=Maine,USA (Welch 1994); FA=Florida, USA (Wood et al. 2006); SC=South Carolina, USA (Jagoe et al. 2002); 




USING BALD EAGLE NESTLING PLASMA TO ASSESS SPATIAL AND 
TEMPORAL TRENDS OF ENVIRONMENTAL CONTAMINANTS, AT 
VOYAGEURS NATIONAL PARK, MINNESOTA 
Introduction 
Bald eagles have a long history of being used as bioindicators for compounds such as 
PCBs and OCs (Bowerman et al. 2002; Hollamby et al. 2006). Their well documented 
life histories, accurate population measures, long term productivity monitoring, and 
position in the food web makes them ideal as a bioindicator species (Bowerman et al. 
2002). The effects and effect limits of PCBs and OCs on bald eagles are well documented 
and can be used as a reference when assessing concentrations of PCBs and OCs in the 
environment (Strause et al. 2007). Accurate population and productivity measures can be 
correlated with environmental contaminants to determine if concentrations are causing 
population level effects (Bowerman et al. 2003). Most importantly, as a tertiary predator 
with a mainly piscivorous diet, they can be used to examine bioaccumulation and 
biomagnifications of PCBs and OCs in the aquatic food web (Kozie et al. 1991; Anthony 
et al. 1993). Nestling bald eagles are especially important bioindicators because 
concentrations in their blood are used to assess environmental concentrations of 
contaminants on a spatial scale. Bald eagles can be used to study contaminants on a 
spatial scale because they are a territorial species that is non-migratory in the study area. 
Also since adults usually use the same nesting territories annually nestlings are an 
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effective means of examining temporal trends in concentrations on small spatial scales 
(Bowerman et al. 2002; Hollamby et al. 2006; Strause et al. 2007). 
Polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCs) were used 
heavily in the period following World War II until their ban in the 1970’s (Bowerman et 
al. 1995). PCBs and OCs are highly persistent, bioavailable compounds that have been 
implicated in harmful effects in avian species (Dykstra et al. 2010). Bald eagles 
(Haliaeetus leucocephalus) are one of the species most affected by these compounds. The 
OC dichlorodiphenyldichloroehtane (DDT) has been determined as the main factor in the 
large scale decline in bald eagle populations in North America due to its wide spread use 
as an agricultural insecticide (Wiemeyer et al. 1984, 1993). After its ban in the 1970’s the 
populations began to recover, but those associated with the Great Lakes region of the 
United States still showed low population numbers and reproduction rates (Bowerman et 
al. 1995; Donaldson et al. 1999). It was later determined that other environmental 
contaminants, like PCBs, were the cause of slow population recovery in the Great Lakes 
region. PCBs were used in electrical transformers and industrial lubricants which were 
discharged as industrial effluent into rivers and lakes. The compounds still effect avian 
species in many regions of North America causing many harmful effects (Cesh et al. 
2008). 
OCs were the major contributor to the decline in bald eagle populations from the 
1950’s to the 1970’s (Donaldson et al. 1999). DDT and its degradation products were 
found to be the most effective and abundant compounds causing harmful effects on bald 
eagles. Dichlorodiphenyldichloroethylene (DDE), more specifically 4,4’-DDE, the most 
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toxic degradation product of DDT, was found to be the major causative agent in a 
decrease in eggshell thickness of bald eagle eggs (Wiemeyer 1984,1993). The decrease 
caused diminished reproduction rates and population crashes in bald eagles and other 
avian species. DDT and other OCs were applied as agricultural and forest pesticides in 
many parts of North America, where they subsequently washed into aquatic ecosystems 
(Gilliom et al. 1990). OCs, like other environmental pollutants, undergo 
biotransformation in aquatic ecosystems creating multiple compounds with varying 
toxicities, biomagnification factors, and bioavailabilities. Once OCs like DDT were 
banded from use as pesticides in the early 1970’s most bald eagle populations began to 
recover while others still showed diminished reproduction and other effects (Bowerman 
et al. 1995; Donaldson et al. 1999). 
PCBs were the contributing factor in these areas of slow recovery (Bowerman et al. 
1995). The PCB compounds are very persistent environmental pollutants that can 
bioaccumulate and biomagnify in a food web (Donaldson et al. 1999; Dyksra et al. 2010). 
PCB contaminantion resulted from their release in effluent from factories, or from poorly 
constructed waste dumps, waste incineration, and landfills (Breivik et al. 2002). PCBs 
contribute to low viability of eggs and teratogenic effects such as crossed beaks 
(Bowerman 1994, 1998; Donaldson 1999). PCBs, like many OCs, were banned in the 
1970’s, but bald eagle recovery in areas was still slow due to their highly persistent 
nature. 
Historically PCBs and OCs originated from their use and direct release into the 
environment, but new sources have emerged recently. It is suspected that OCs and PCBs 
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are still used in many areas of the world, especially in developing nations in Europe, 
Asia, and the Caribbean (Hoff et al. 1992; Anthony et al. 2007). Less chlorinated PCBs 
and OCs can volatilize in these areas and be deposited to North America as they are 
transported by air currents toward the arctic regions (Hoff et al. 1992; Anthony et al. 
2007). PCB and OC atmospheric deposition is a major contributor to the transport and 
distribution of PCBs and OCs in the environment (Atlas 1986; Gregor 1989). Gas phase 
of these contaminants accumulate in northern latitudes and are deposited mostly by gas 
exchange with water (Bruhn et al. 2003). Cooler climates and longer winters lead to 
deposition rates which are greater than the rate of volatilization, causing an accumulation 
of residues in bodies of water. This makes the Great Lakes and other lakes in the upper 
Midwest of the United States, possible sinks for these volatilized compounds. 
PCBs and OCs are so persistent in the environment, that 30 years after production 
was stopped in North America ,they are still present in the sediments of the Great Lakes. 
Saginaw Bay, one of the most well known of Great Lakes persistent contamination sites, 
still has concentrations of PCBs and OCs at very high levels (Froese et al. 1989). 
Sediments are a very important factor in the retention and persistence of PBCs and OCs 
since they retain the less volatile species of the compounds, especially in more northerly 
latitudes (Iwata et al. 1995). The cooler temperatures and water temperatures in the Great 
Lakes also increase persistence of PCBs and OCs in lake sediments (Grimalt et al 2004). 
Also, aquatic sediments contain concentrations of PCBs and OCs higher than soils 
(Gimalt et al. 2004). Although most contamination of sediments originates as past 
releases of contaminants more recently atmospheric deposition has been attributed to 
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sediment contaminations (Grimalt et al 2004).  Sediments retain PCBs and OCs for long 
periods of time but they do contribute to the biodegradation and de-chlorination of PCB 
and OC compounds (Grimalt et al 2004).  
Study Area 
Voyageurs National Park (VNP) is located on the Canada and United States (US) 
border in northern Minnesota (Figure 1). It is a collection of large impoundments that 
support a well-documented population of bald eagles. The park area is 88,628 ha and was 
established in 1975. VNP consists of 30 named lakes, with 3 main lakes making up 39% 
of the total park area:  Rainy, Namakan, and Kabetogama lakes (Grim and Kallemeyn 
1995). With minimal industry and agriculture around the Park and large open water 
bodies, VNP is an ideal place to examine the effects of atmospheric deposition of PCBs 
and OCs. 
The overall objective of this study was to examine organochlorine contaminant 
concentrations in plasma of nestling bald eagles at VNP on temporal and spatial scales. 
The first objective was to determine if there are any significant trends in PCBs, DDTs, 
4,4’-DDE, and Dieldrin over the 12 year study period. The second objective was to 
determine if any difference in trends exist among the three major lakes of VNP over the 
study period. The final objective was to examine how concentrations at VNP over the 







Aerial surveys were flown by a pilot and observer during the second week in 
April. The shorelines of all three large lakes and inland lakes where eagle activity has 
been observed were flown and occupied nests are recorded. New nest locations were 
recorded in latitude and longitude using a Global Positioning System unit and then 
assigned nest names, numbers, and territories. A second survey was conducted the first 
week in May to determine if more nests were active due to the difference in the onset of 
nesting. Successful nests were recorded along with nest site characteristics such as tree 
species, tree form, and best means of access. In June, prior to banding, a third flight is 
conducted of productive nests to determine if young are still present. In early July, a final 
flight is conducted to determine the number of young per breeding area and success of 
nests fledging at least one young. The number of flights conducted and data recorded are 
subject to aircraft availability and weather. Ariel observations determine occupied nests 
for field crews to sample. Nest trees are climbed and nestlings are lowered to the ground 
for sampling. Nestlings were secured and morphometric measurements, for age and sex 
determination, and blood samples are taken from the brachial vein, before the nestlings 
were banded and returned to the nest (Bortollotti et al. 1984; Bowerman et al 1995). 
Blood samples were stored on ice in the field until the whole blood could be centrifuged 
to separate the plasma from the red blood cells within 48 h. The plasma is then separated, 
decanted into a separate vacuum tube, and frozen at approximately -20°C before being 
shipped back to Clemson University for lab analysis.  
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Lab Methods 
 Small volumes of bald eagle nestling plasma were prepared for analysis through 
extraction and clean up methods described in U. S. Environmental Protection Agency 
(EPA) Methods 8081 and 8082. Nestling plasma was analyzed for 52 congeners of PCBs 
and OCs using techniques based on methods described in Clemson Institute of 
Environmental Toxicology protocol CIET/SOP 401-78-01. Briefly, one ml of nestling 
plasma was denatured using methanol, extracted with dichloromethane, and purified 
using alumina and silica solid phase extraction. Chicken (Gallus domesticus) plasma 
blanks and spikes containing known amounts of PCBs and OCs were extracted alongside 
nestling plasma for quality assurance. The extracts were analyzed using gas 
chromatography with electron-capture detection (Aligent Technologies 7890A GC).   
Data Analysis for Temporal Trends 
 Graphical methods, like scatter plots, were used to determine if concentrations of 
total PCBs, total DDTs, 4,4’-DDE, and dieldrin have changed over time since they were 
the only compounds detectable in greater than 50% of nestlings sampled.  Before 
statistical analysis, all sample values below the method detection limit (MDL) were 
considered non-detects (ND) and their values were substituted with 1/2 the detection limit 
for each specific compound (Table 1). The geometric means for all samples in each year 
and each lake were calculated for total PCBs, total DDTs, 4,4’-DDE, and dieldrin.  The 
geometric mean was chosen over the arithmetic mean to account for the highly skewed 
distributions of concentrations within each year and lake sample.   These geometric 
means were then plotted in scatter-plots verses year to look for trends and/or patterns in 
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each contaminant across years, separately for each lake. It also accounted for the large 
variation in the data set. The comparisons made are strictly descriptive statistics and only 
when regression is preformed are any results considered inferential in the study. All 
calculations and plotting was performed using the SAS based statistical program JMP 8 
(JMP 1989-2007).   
Data Analysis for Spatial Differences 
 Graphical methods, such as box plots, and simple statistics, such as geometric 
means, to determine if elevated total PCBs, total DDTs, 4,4’-DDE, and dieldrin 
concentrations occurred in the different territory and lake samples. Since no observable 
adverse effect concentrations (NOAEC) have been established for total PCBs and 4,4’-
DDE they were used to determine which nests and nesting territories had high 
concentrations of contaminants (Bowerman et al. 2003).   No NOAECs are established 
for total DDTs and dieldrin, but 4,4’-DDE is known to make up as much as 90% of total 
environmental DDTs and dieldrin thresholds have been observed in other avian species 
(Giesy et al. 1995). The NOAEC for 4,4’-DDE will be used to assess total DDTs. 
Threshold concentrations for barn owls will be used as a reference for dieldrin to 
determine nest and territories with elevated concentrations (Giesy et al. 1995). The 
locations nests and territories with high concentrations were examined to determine if 
they were associated with specific areas of VNP.  All calculations and plotting is 







 The ability to report detectable concentrations of total PCBs and concentrations of 
PCBs has changed over the past 14 years at VNP (Fig 2). Of all nestlings sampled 48.7% 
had concentrations below detectable limits. In every sampling year detectable 
concentrations were found in at least one nestling. Levels of total PCBs ranged from non-
detects (ND) to 280.1 µg/kg, and 48.7% of all nestlings sampled were ND. No trends in 
total PCBs were significant but total PCBs have decreased by 26.09% when the 2006 to 
2010 geometric mean is compared to geometric means of 1997 to 2001. Total PCB 
geometric means have been consistently below the NOAEC for productivity of 36.4 
µg/kg (Bowerman et al. 2003). 
Total DDTs 
The ability to report detectable concentrations of total DDTs and concentrations 
of DDTs has changed over the past 14 years at VNP (Fig 2). Not all nestlings sampled 
over the past 14 years had detectable concentrations of total DDTs. In every year of 
sampling there were detectable concentrations of total DDTs. Levels of total DDTs 
ranged from non-detects (ND) to 71.9 µg/kg, and 3.0% of all nestlings sampled were ND. 
Total DDTs decreased by 24.09% when the 2006 to 2010 geometric mean is compared to 
geometric means of 1997 to 2001. The decrease on Rainy Lake was the only significant 




 The ability to report detectable concentrations of 4,4’-DDE and concentrations of 
4,4’-DDE has changed over the past 14 years at VNP (Fig 2). Not all nestlings sampled 
over the past 14 years had detectable concentrations of 4,4’-DDE. In every year of 
sampling there were detectable concentrations of 4,4’-DDE. Levels of 4,4’-DDE ranged 
from non-detects (ND) to 68.3 µg/kg, and 4.9% of all nestlings sampled were ND. No 
trends in 4,4’-DDE were significant but total PCBs have decreased by 40.92% when the 
2006 to 2010 geometric mean is compared to geometric means of 1997 to 2001. 4,4’-
DDE geometric means have been consistently below the NOAEC for productivity of 11.4 
µg/kg (Bowerman et al. 2003). 
Dieldrin 
Concentrations of dieldrin increased by 50.25% when the 5 year geometric means 
were compared over the past 14 years (Fig 2). Using an egg to plasma conversion factor 
for PCBs (Strause et al. 2007) and biomagnifications factors for egg concentrations of 
dieldrin (Bowerman et al. 1995) a nestling plasma NOAEC was estimated, but was below 
detectable limits (NOAEC=0.4 µg/kg). Of all nestlings sampled, 61.1% had plasma 
concentrations above detectable limits, with all samples from 2009 and 2010 containing 
measurable concentrations. Of note, dieldrin in nestling plasma was great in geometric 
mean concentrations in 1997, 1998, 2003, 2009, and 2010. The greatest geometric mean 
concentrations (16.1, 9.94 µg/kg) were found in 2009 and 2010 respectively. All annual 
geometric means of dieldrin were above detectable limits except in 1999 and 2004 (Fig 
2).  
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Lake Scale  
Trends of three of the compounds in plasma from samples collected from nests along 
the lakes of VNP appeared to decrease over time, but only one decreasing trend was 
statistically significant. The only statistically significant trend was found in total DDTs 
on Rainy Lake (P=0.0453, Fig 4). Total PCB and DDTs in the park did appear to 
decrease over the 14 year study period but this trend was not statistically significant (Fig 
2, P=0.0758,0.0611, α=0.05). Namakan (2001) and Rainy (2002, 2004) lakes had annual 
geometric means greater than the NOAEC of 36.4 µg/kg for total PCBs (Fig 3). Annual 
geometric means of 4,4’-DDE were below the NOAEC on Kabetogama and Namakan 
lakes (Fig 5). Rainy Lake had 4 annual geometric means greater than the NOAEC, 
ranging from 11.95 to 17.93 µg/kg (Fig 5). Dieldrin concentrations were greater than the 
estimated NOAEC (Fig 6), and were evenly distributed among the lakes of VNP with all 
lakes having concentrations above detectable limits.  
Territory Scale  
Bald eagle nesting territories are the most specific spatial scale that nestling 
plasma concentrations can account for. Of the 50 nesting territories sampled only three 
territories with multiple samples, Territory 20, 44, and 80, had geometric means above 
the NOEAC for PCBs, 41.46,149.84, and 63.12 µg/kg respectively. There were 4 nest 
territories that were greater than the NOAEC for 4,4’-DDE,Territories 13, 30, 49, and 80 
with geometric means of 11.62, 18.97, 13.85, and 11.52 µg/kg respectively. One territory 
had a geometric mean greater than the NOAEC for total PCBs and was located on Rainy 
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Lake in the northwestern corner of the Park. Of the territories with geometric means 
greater than the NOAEC for 4,4’-DDE, 30, 49, and 80 were on Rainy Lake and Territory 
13 was on Namakan Lake. The territories with 4,4’-DDE concentrations above the 
NOAEC on Rainy Lake were associated with the northwestern end of the Park and 
outside the northwestern boundary of the Park, with nests located near Eight Mile Island, 
Steamboat Island, and Cranberry Island. The only territory with high concentrations on 
Namakan Lake, Territory 13, was located near Jug and Wolf Pack Islands, very close to 
the US/Canada border. There were multiple territories with geometric means for dieldrin 
great or than detectable limits and the estimated NOAEC. The territories were distributed 
throughout VNP and not distributed to any particular area of the park. 
Individual Nest Scale  
Analysis of concentrations at individual nests is a useful tool in determining 
possible point sources and relationships between locations on each lake. Of the 203 
individual nestling samples collected, 9.4% had total PCB concentrations greater than the 
NOAEC. A majority of these nests were concentrated on Rainy Lake with 7.4%, while 
Namakan Lake had 1.5% and Kabetogama Lake had 0.5%. The nest on Kabetogama 
Lake was located near Windigo Point on the northwestern end of Kabetogam Lake. There 
was 18.2% of individual nest with 4,4’-DDE levels above the NOAEC. Of these, 10.8% 
were located on Rainy Lake, 2.5% were on Namakan Lake, and 4.5% were on 
Kabetogama Lake. These results show that Rainy Lake is carrying a majority of the 
contaminant load in VNP while Namakan and Kabetogama lakes carry considerably less. 
There was 61.1% of individual nestling plasma samples with detectable concentrations of 
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dieldrin. These individual nestling plasma samples were distributed throughout VNP and 
not distributed to any particular area of the park. 
Discussion 
PCBs and OCs are often positively correlated with similar effects that are difficult 
if not impossible to contribute to one or the other (Bowerman et al. 1995). In many cases 
both PCBs and OCs are associated with diminished productivity and health (Kozie et al. 
1999; Bowerman et al. 2003). The causative agent in the decline of bald eagles was found 
to be 4,4’-DDE, which caused diminished reproduction through its effects on avian 
eggshell thickness (Wiemeyer et al. 1984, 1993). This being said, it is difficult to 
determine what effects other OCs and PCBs are having since they are usually positively 
correlated with 4,4’-DDE (Anthony et al. 1993). However, 4,4’-DDE has been associated 
with low productivity in Maine, the Great Lakes, and the west coast of North America 
(Krantz et al. 1970; Bowerman et al. 1995; Welch et al. 1998; Cesh et al. 2008). They 
have also been associated with low reproduction in Osprey (Pandion haliaetus) along the 
Delaware River (Anthony et al. 1993). The effects of PCBs and other OCs will not be 
determined until 4,4’-DDE concentrations are at or near zero in the environment 
(Bowerman et al. 1995; and others).  
This study focused on nestling concentrations since these concentrations are 
indicative of the environment around the nest, variations in diet, metabolism of 
contaminants, and other environmental factors (Cesh et al 2008; Elliot et al. 2009). 
Elevated concentrations in nestlings are likely due to variations in their diet caused by the 
types of prey they receive from the adults (Anthony 1993; Donaldson 1999; Kozie & 
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Anderson, 1991). The highest levels of these concentrations have been associated with 
prey of high trophic levels such as predatory fish and other piscivorous avian predators 
(Kozie and Anderson 1991). These species at VNP would be northern pike (Esox lucius), 
double-crested cormorants (Phalacrocorax auritus), and herring gulls (Larus argentatus) 
since these are known to have piscivorous feeding habits and are a part the diets of bald 
eagles at the park (Bowerman et al. 1991).  
Concentrations of PCBs, DDTs, 4,4’-DDE, and dieldrin have been monitored in 
bald eagle nestlings throughout the Great Lakes region and are considerably higher than 
those at VNP. Overall concentrations in North America have been significantly 
decreasing since the early 1980’s (Roe 2001; Bowerman et al. 2002). In VNP geometric 
means of total PCBs and 4,4’-DDE were considerably higher in nestling plasma from 
1989 to 1992 than those from 1997 to 2010 (Bowerman et al. 1993). The levels have 
dropped from 47.36 µg/kg to 0.05 µg/kg, which is a 70.78% decrease in total PCBs from 
1989-92 to 2010 (Fig 7). Concentrations of 4,4’- DDE at VNP from 1989 to 1992 were 
20.28 µg/kg, and have decrease to 6.36 µg/kg in 2010 accounting for a 68.6% decrease in 
concentrations of 4,4’-DDE (Fig 8). Comparison to the Great Lakes of Michigan also 
shows that VNP has considerably lower concentrations of total PCBs and 4,4’-DDE. The 
closest comparable levels to any found at VNP over the past 14 years are in inland 
section of the Upper and Lower Peninsulas of Michigan (Fig 7,8). The closest 
comparable 4,4’-DDE concentrations were in the Lower Peninsula Michigan (Fig 8). 
Overall VNP has had considerable decreases in total PCB and 4,4’-DDE concentrations 
 59 
since the early 1990’s, which follows similar trends observed in the Great Lakes 
(Bowerman et al. 2002;). 
More recent concentrations associated with the Great Lakes region show that 
VNP concentrations are still considerably lower than almost all areas on or around the 
Great Lakes. Between 1990 and 1996 concentrations of total PCBs and 4,4’-DDE on 
Lake Superior, Nipigon, Erie, and Lake of the Woods were all higher than those observed 
at VNP between 1997 and 2010 (Fig 7,8), with the exception of dieldrin, which was 
higher at VNP (Donaldson et al. 1999). Concentrations at VNP are also lower than ones 
observed on the Wisconsin Shoreline of Lake Superior and the upper Mississippi River 
from 2006 to 2008 (Fig 7,8) (Dykstra et al. 2010). During 2006 to 2008 geometric means 
of total PCBs from the Wisconsin shoreline of Lake Superior and the upper Mississippi 
River were 55.46 and 88.06 µg/kg respectively, while concentrations at VNP in 2006, 
2007, and 2008 were 11.45, 12.21, and 17.4 µg/kg respectively (Dykstra et al. 2010). 
4,4’-DDE was also lower with 16.2 and 9.03 µg/kg on Lake Superior and the Mississippi 
River compared to 1.57, 2.59, and 8.95 µg/kg in 2006, 2007, and 2008 at VNP (Dykstra 
et al. 2010). Concentrations on the St. Croix River, a partial border between Wisconsin 
and Minnesota, of total PCBs and 4,4’-DDE were comparable or lower than those at VNP 
(Fig 7,8). Observed concentrations on the St. Croix River for total PCBs were 79.71 and 
2.66 µg/kg for the upper and lower portions of the river respectively, and concentrations 
of 4,4’-DDE were 6.73 and 2.76 µg/kg (Dykstra et al. 2010). These concentrations, 
except for the concentration of total PCBs on the upper St. Croix River, are very similar 
to those found at VNP from 2006 to 2008. Concentrations at VNP are considerably lower 
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than most associated with the Great Lakes region of North America, but other locations 
in North America have comparable concentrations. 
Concentrations of total PCBs and 4,4’-DDE at other locations in North America 
provide comparable and considerably higher concentrations than those at VNP. Nestlings 
in Oregon between 1979 and 1981 had observed concentrations of 4,4’-DDE of 15.0 
µg/kg, which is not much higher than concentrations observed at VNP in 2000, 11.35 
µg/kg (Wiemeyer et al. 1989). Coastal Areas of British Columbia (BC), Canada and 
southern California had concentrations of total PCBs and 4,4’-DDE, from 2003 less than 
those in the Great Lakes region, but still higher than concentrations found at VNP (Fig 
7,8) (Cesh et al. 2008). However, inland areas of BC had concentrations of total PCBs 
and 4,4’-DDE below those observed at VNP (Fig 7,8). On two bays at the Argentia naval 
base in Newfoundland nestling bald eagles had observed concentrations of 4,4’-DDE in 
1996 and 1997 similar to concentrations at VNP (Fig 8) (Dominquez and Montevecchi 
2003). Total PCBs in the same location were slightly greater than those observed at VNP 
in 1996 and 1997, but 4,4’-DDE were lower than concentrations at the park. Bald eagle 
populations throughout North America exhibit similar levels of 4,4’-DDE in some 
locations, but concentrations of total PCBs at VNP have been observed at considerably 
lower concentrations. 
The relationship between productivity and total PCBs and 4,4’-DDE 
concentrations has been established for bald eagles of the Great Lakes prior to the 
recovery of this population (Bowerman et al. 1995). 4,4’-DDE and total PCBs are often 
in these areas a limiting factor to population growth. Based on established equations to 
 61 
calculate productivity in bald eagles of the Great Lakes estimates of productivity can be 
found for VNP (Bowerman et al. 2003). At the concentrations observed in 2010 
productivity based on PCB concentrations would be 1.16 nestlings per active nest, and 
based on 4,4’-DDE it would be 1.09 nestlings per active nest. It has been suggested that 
productivity rates of 1.0 nestling per active nest are adequate for population growth and 
that productivity as low as 0.7 nestling per active nest is enough to maintain populations 
(Elliot and Harris 2001/2002; Bowerman et al. 2003). The estimated productivity rates at 
VNP are indicative of a growing and healthy population of bald eagles based on 
previously established relationships between productivity and environmental 
contaminants. According to concentrations observed at VNP and estimated productivity 
based on Great Lakes bald eagles the population at VNP during 1997-2010 has been in 
good health and growing. 
Many sources have been attributed to total PCB and OC concentrations in North 
America. Common sources of PCBs are industrial waste releases and disposal sites. OCs 
have historically originated in agricultural applications where they entered aquatic 
systems as agricultural runoff (Gilliom et al. 1990). Only in recent decades has 
atmospheric deposition been considered a means of transport and distribution of  PCBs 
and OCs throughout the environment (Anthony et al. 2007). Many countries in Asia and 
Europe still have minimal regulations on the use of OCs and PCBs, and many sites 
around the world are still contaminated with these compounds (Hoff et al. 1992; Anthony 
et al. 2007). Volatilization of PCBs and OCs is a potential source of concentrations in 
VNP since direct sources of these compounds were almost eliminated in the 1970’s when 
 62 
they were banned (Anthony et al. 2007). However, since PCBs and OCs are so persistent 
in the environment recent increases could be contributed to past sources still present in 
sediments (Froese et al. 1989; Schneider et al. 2001). Unusual spikes and fluctuations in 
concentrations could be attributed to atmospheric or sediment loadings of PCBs and OCs 
(Froese et al. 1989; Agrell et al. 2002). Seasonal fluctuations from atmospheric 
deposition are dependent on precipitation, temperature, and atmospheric concentrations 
of PCBs and OCs (Agrell et al. 2002). There are several fluctuations in nestling 
concentrations at VNP of 4,4’-DDE. These fluctuations come after water level 
stabilization by the International Joint Commission in 2000 and could possibly be due to 
atmospheric deposits of PCBs and OCs on the surface waters of VNP (IJCRLB 2004). 
These fluctuations would be cause for concern if concentrations were above NOAECs, 
but no fluctuations have been above these concentrations. 
Dieldrin 
 Dieldrin is an organochlorine pesticide very similar in production, use, and 
environmental fate to DDT. It was the second most utilized OC only to DDT in the 1960 
(Jorgensen 2001). Dieldrin was still being produced in the US, and global stockpiles of 
the chemical still exist as of 1999 (Jorgensen 2001). Dieldrin is very persistent in the 
environment and can be transported via atmospheric pathways. It has the potential to be a 
serious environmental contaminant and is considered a persistent organic pollutant of 
global concern (Jorgensen 2001). It causes egg lethality in bald eagles (100.0 µg/kg), and 
has been implicated in lethal and sub-lethal effects in adult bald eagles (Coon et al. 1969; 
Wiemeyer et al. 1984).  
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No known NOAEC for dieldrin has been established for bald eagle nestling 
plasma to this date. This study established an estimated NOAEC for dieldrin using 
plasma to egg conversion factors for concentrations of total PCBs (Strause et al. 2007). 
Using this equation an estimated NOAEC for nestling plasma was found based on a 
previously established NOAEC for egg concentrations in bald eagles (Wiemeyer et al. 
1984). The NOAEC for nestling plasma was found to be 0.4 µg/kg. This value therefore 
would mean that any sample above the detectable limit for dieldrin could potentially 
cause adverse effects in nestling bald eagles. This NOAEC was calculated using a PCB 
conversion factor, but biomagnifications factors were considered in the calculation to 
account for the differences in depuration and accumulation between PCBs and dieldrin. 
Also this NOAEC is not laboratory based and may be environmentally irrelevant due to 
the small sample size used to derive the conversion factors. This being said, the NOAEC 
of 0.4 µg/kg established in this study will likely overestimate the threat to eagles and 
should be used solely as a guideline for dieldrin assessment until further, more controlled, 
laboratory studies can be conducted.  
Dieldrin was the only compound at VNP that has been increasing over the past 14 
years. The rate of increase raises potential concerns about effects in the environment, and 
the source of this compound. While there are no significant trends in geometric means 
concentrations over time, a 52.25% increase was observed when the 2006 to 2010 
geometric mean was compared to geometric mean from 1997 to 2001. This could 
possibly be due to a source of dieldrin in the area of VNP. The geometric means from 
samples collected in 2009 and 2010, (16.1, 9.94 µg/kg respectively, Fig 6) were also 
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much higher than those observed else where in the Great Lakes region (Donaldson et al. 
1999). Concentrations in nestling plasma from the early 1990s from lakes Erie, Nipigon, 
Superior, and Lake of the Woods (geometric means 3.1, 3.0, 5.1, and 3.1 µg/kg, 
respectively) were much lower (Donaldson et al. 1999). These concentrations are greater 
than the NOAEC established in this study but are still lower than those observed at VNP 
in 2009 and 2010 (Fig 6). Further research of the effects and accumulation rates of 
dieldrin will be needed to determine if current nestling concentrations could affect bald 
eagles. Also a 52.25% increase in concentrations over the past 14 years causes reason to 
believe a source or sources of dieldrin maybe present in the VNP area or maybe reflective 
of an atmospheric source and needs further examination.  
Conclusion 
 VNP has a growing and healthy bald eagle population, and to maintain that 
population, continued environmental monitoring will be necessary. The persistence of 
PCBs and OCs in the environment warrants continued monitoring since new and past 
sources could arise. Although no trends in the Park were statistically significant, 
concentrations have been decreasing over the 14 year study period.  Concentrations of 
total PCBs and 4,4’-DDE are among the lowest in North American, but trends in annual 
concentrations are not consistent enough to discontinue monitoring programs. Annual 
fluctuations in concentrations cause a need to continue monitoring to determine if those 
fluctuations are natural, from point sources, or from atmospheric deposition. 
Concentrations of dieldrin are among the highest observed in nestling plasma samples in 
recent years, creating cause for concern. Continued monitoring will be necessary to 
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determine if these recent increases in dieldrin are due to a natural fluctuation or 
something else in the environment. Also further laboratory studies of dieldrin and its 
effects on bald eagles will be necessary to refine and confirm the plasma NOAEC 
proposed in this study. Overall VNP’s bald eagle population and ecosystem health are not 
in jeopardy from environmental contaminants at the present time, but future monitoring 
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Fig. 3.2 Annual geometric means for concentrations of 4 compounds in plasma of nestling bald eagles 
collected at Voyageurs National Park, 1997-2010. Trend lines for total PCBs and total DDTs are show for 




















































































Fig. 3.4 Annual geometric means for total DDTs for each individual lake. The trend line is shown for 
















































































































































































































































































































































































































































































Fig. 3.7 Comparison of annual geometric means of total PCBs at Voyageurs National Park (VNP) to other locations and time periods in North 
America.  The dashed line indicated the NOAEC of 36.4 PPB (Bowerman et al. 1993). VNP 1989=Voyageurs National Park (Bowerman et al. 
1994); UP=Upper Peninsula, Michigan; LP=Lower Peninsula, Michigan; LS=Lake Superior; LM=Lake Michigan; LH=Lake Huron (Roe 2001); 
LE=Lake Erie; LN=Lake Nipigon; LW=Lake of the Woods (Donaldson et al. 1999); PBAN=Placentia Bay, Argentia, Newfoundland; 
BBAN=Bonavista Bay, Argentia, Newfoundland (Dominguez et al. 2003); SCI=Santa Catalina Island, California; BS,BC=Barkley Sound, British 
Columbia (BC), Canada (CA); NC,BC=Namaimo/Crofton, BC, CA; LFV,BC=Lower Fraser Valley, BC, CA; CFV,BC=Central Fraser Valley, BC, 
CA; FSJ,BC=Ft. Saint James, BC, CA (Cesh et al. 2008); MR=Mississippi River; USCR=Upper St. Croix River; LSCR=Lower St. Croix River 

























































































































































































































































































































































Fig. 3.8 Comparison of annual geometric means of 4,4’-DDE at Voyageurs National Park to other locations and time periods in North America.  The dashed 
line indicated the NOAEC of 11.4 PPB (Bowerman et al. 1993). VNP=Voyageurs National Park; UP=Upper Peninsula, Michigan; LP=Lower Peninsula, 
Michigan; LS=Lake Superior; LM=Lake Michigan; LH=Lake Huron (Roe 2001); LE=Lake Erie; LN=Lake Nipigon; LW=Lake of the Woods (Donaldson et al. 
1999); PBAN=Placentia Bay, Argentia, Newfoundland; BBAN=Bonavista Bay, Argentia, Newfoundland (Dominguez et al. 2003); SCI=Santa Catalina Island, 
California; BS,BC=Barkley Sound, British Columbia (BC), Canada (CA); NC,BC=Namaimo/Crofton, BC, CA; LFV,BC=Lower Fraser Valley, BC, CA; 
CFV,BC=Central Fraser Valley, BC, CA; FSJ,BC=Ft. Saint James, BC, CA (Cesh et al. 2008); MR=Mississippi River; USCR=Upper St. Croix River; 
LSCR=Lower St. Croix River (Dykstra et al. 2010) 
 
Table. 3.1  Organochlorine contaminant analytes measured in nestling bald eagle 
plasma samples from 1997 to 2010, with parameter-specific Method Detection Limits 
(MDLs) and Quantification Limits (QLs). 
Method Detection and Quantification Limits 
Organochlorine Contaminant   
Method Detection 
Level   
Quantification 
Level 
     (MDL) (MDL)/2 (QL) 
       
Dieldrin    0.97 0.485 2.01 
2,4'-
Dichlorodiphenyldichloroethylene 
(2,4'-DDE) 0.86 0.43 2.01 
4,4'-DDE    0.61 0.305 2.01 
2,4'-
Dichlorodiphenyldichloroethane 
(2,4'-DDD) 1.55 0.775 2.01 
4,4'-DDD    1.18 0.59 2.00 
2,4'-
Dichlorodiphenyltrichloroethane 
(2,4'-DDT) 1.57 0.785 2.01 
4,4'-DDT    1.95 0.975 2.01 
PCB Congener 8       1.94 0.97 1.98 
PCB Congener 18   1.21 0.605 1.98 
PCB Congener 28   1.23 0.615 1.99 
PCB Congener 44   1.52 0.76 1.98 
PCB Congener 52     0.64 0.32 1.98 
PCB Congener 66   0.87 0.435 2.00 
PCB Congener 101   0.38 0.19 2.00 
PCB Congener 105   1.44 0.72 1.98 
PCB Congener 110   1.91 0.955 2.01 
PCB Congener 118    0.58 0.29 1.99 
PCB Congener 128       0.75 0.375 1.99 
PCB Congener 138   0.65 0.325 2.00 
PCB Congener 153   0.57 0.285 1.99 
PCB Congener 156   1.84 0.92 2.01 
PCB Congener 170     1.28 0.64 1.98 
PCB Congener 180   1.62 0.81 2.00 
PCB Congener 187   1.12 0.56 1.98 
PCB Congener 195   1.03 0.515 2.00 
PCB Congener 206   1.19 0.595 1.98 







The bald eagles nesting within Voyageurs National Park (VNP) are in no 
immediate danger due to high concentrations of environmental contaminants. However, 
with continued development around the world, it will be important to use this species, 
and study area, to continue to monitor trends of environmental contaminant 
concentrations. Further monitoring of the bald eagle population at VNP will be essential 
to monitor possible point sources, past sources, and determine how lake and park 
management are affecting environmental contaminants in this aquatic ecosystem. VNP 
has a long-term data set, and the longer it is continued, the more knowledge can be 
gained concerning environmental pollution, bioavailability, biomagnifications, and 
species adaptation and tolerance to environmental contaminants.  
 Mercury (Hg) in nestling feather samples from VNP have shown decreases over 
the past 12 years. The concentrations of Hg in nestling feathers decreased by 77.4% since 
1989 (Bowerman et al. 1994). The geometric means for Rainy, Kabetogama, and 
Namakan lakes for 2006-2010 were 6.08, 1.07, and 5.56 mg/kg respectively. These are 
much lower than previously observed concentrations, and is indicative of decreased Hg 
contamination and emission in and around the park. During the most recent study, 10% of 
feathers from nestling bald eagles had levels below the reportable detection limits. Each 
lake in VNP, (Rainy, Kabetogama, and Namakan,) showed decreases in Hg 
concentrations. Individual nestlings did have high concentrations of Hg in two areas of 
the park. These areas were located on the northwestern and southeastern ends of the park. 
 83 
Overall, Hg is not a threat to the bald eagles of VNP, but since atmospheric levels 
influence Hg concentrations, it will be a contaminant to continue monitoring to ensure 
emissions regulations are appropriate and enforced.  
Polychlorinated biphenyls (PCBs) in plasma of nestling bald eagles were 
observed to decrease at VNP during the past 14 years. There was a 29.06% decrease in 
total PCBs when the 5 year geometric means were compared from 1997 to 2001 and 
2006 to 2010. PCBs ranged from non-detects (ND) to 280.08 µg/kg with 48.7% of the 
nestling plasma samples having concentrations below the detection limits. Nestling 
territories with higher levels of total PCBs were found to be located on Rainy Lake in the 
northwestern corner of the park. This area has had higher levels of contaminants 
throughout this study. These concentrations are likely due to persistent deposits of PCBs 
in the sediments and/or past and present point sources, but the exact cause remains 
undetermined. 
4,4’-DDE and total DDT concentrations in plasma of nestling bald eagles at VNP 
decreased over the past 14 years by 24.09% and 40.92%, when the 5 year geometric 
means were compared. Concentrations of these contaminants ranged from ND to 68.30 
for 4,4’-DDE and ND to 71.85 µg/kg for total DDTs. Of 203 nestling plasma samples 
only 3.0% had concentrations of total DDTs below detectable limits while 4.9% of 
nestling plasma samples had concentrations of 4,4’-DDE below the detectable limits. 
Annual geometric means of 4,4’-DDE were all below the no observable adverse effects 
concentration (NOAEC), but many were close to the limit (Bowerman et al. 2003). This 
could be cause for concern if 4,4’-DDE is being deposited into VNP through the 
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atmosphere or through deposits sequestered in sediments. It would not take large amounts 
to increase concentrations at VNP to levels greater than the NOAEC, making continued 
monitoring of 4,4’-DDE and total DDT concentrations a high priority. Nest territories 
with high levels of 4,4’-DDE were located on Rainy Lake in the same areas as those 
samples with high concentrations of PCBs. This is not surprising since previous studies 
have found co-correlation among organochlorine compounds in tissue samples of bald 
eagles (Wiemeyer et al. 1984, 1989).  
Dieldrin was the only compound observed to be increasing in bald eagle nestling 
plasma over the past 14 years, and at a rate that creates cause for concern. Dieldrin was 
observed to increase at VNP by 50.25% when the 5 year geometric means were 
compared. The concentrations of dieldrin ranged from ND to 48.61µg/kg. All 
concentrations with detectable levels of dieldrin were considered to be greater than the 
calculated NOAEC for dieldrin. Of 203 nestling plasma samples 61.1% of had 
concentrations above detectable limits. Dieldrin could be causing adverse effects in these 
eagles based on the calculated NOAEC. The increases in dieldrin was not limited to a 
specific region or lake so this suggests that the source could be either atmospheric or 
watershed related. It will be important to continue monitoring nestling concentrations in 
VNP to determine if levels will continue to rise and cause effects in the park. It will also 
be important to examine possible sources of dieldrin in or around the park to prevent any 
further increases in concentrations if possible. 
VNP has a growing and healthy bald eagle population, and to maintain that 
population, continued environmental monitoring will be necessary. The persistence of 
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PCBs and OCs in the environment warrants continued monitoring, since new and past 
sources could arise. Although only the decrease in total DDTs was significant, all 
contaminants except dieldrin appear, to be decreasing over time.  With increasing global 
industrialization and Asian demand for energy, monitoring emissions and their effects on 
the environment will become even more important. Since most of VNP’s environmental 
contamination can be attributed to atmospheric sources, and a long term annual 
monitoring program has been in place over 20 years it is important to maintain this 
project to continue monitoring changing contaminant trends. Also further research 
involving more controlled laboratory studies will be necessary to validate the estimated 
NOAEC for dieldrin calculated in this study. VNP is a great North American natural 
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INDIVIDUAL NESTLING DATA 
 
Table A-1. Concentrations of mercury (Hg) for individual bald eagle nestlings 
at Voyageurs National Park, Minnesota 
Sample I.D. Hg (mg/kg) Year Lake Territory # 
BAEA-99-D-21 8.5 1999 Rainy 24 
BAEA-99-D-22 25.6 1999 Rainy 25 
BAEA-99-D-23 24.4 1999 Rainy 1 
BAEA-99-D-24 5.6 1999 Namakan 18 
BAEA-99-D-28 16.5 1999 Kabetogama 53 
BAEA-00-C-41 0.1 2000 Kabetogama 40 
BAEA-00-C-43 10.2 2000 Namakan 13 
BAEA-00-C-45 2.3 2000 Namakan 10 
BAEA-00-C-46 1.6 2000 Rainy 49 
BAEA-00-C-47 0.9 2000 Rainy 30 
BAEA-00-C-49 16.9 2000 Rainy 37 
BAEA-00-C-50 12.7 2000 Rainy 20 
BAEA-01-C-39 0.1 2001 Rainy 49 
BAEA-01-C-40 5.1 2001 Rainy 26 
BAEA-01-C-42 13.0 2001 Rainy 24 
BAEA-01-C-43 1.2 2001 Kabetogama 4 
BAEA-01-C-44 0.4 2001 Namakan  
BAEA-01-C-45 0.1 2001 Kabetogama 55 
BAEA-01-C-46 11.8 2001 Kabetogama 64 
BAEA-01-C-47 0.1 2001 Kabetogama 61 
BAEA-01-C-48 0.9 2001 Kabetogama 29 
BAEA-01-E-02 0.1 2001 Rainy 80 
BAEA-01-E-03 0.2 2001 Rainy 25 
BAEA-01-E-05 0.1 2001 Rainy 62 
BAEA-01-E-06 0.1 2001 Kabetogama 53 
BAEA-01-E-08 3.9 2001 Namakan 13 
BAEA-01-E-09 0.1 2001 Kabetogama 3 
BAEA-02-C-25 0.1 2002 Namakan 18 
BAEA-02-C-26 3.3 2002 Namakan 58 
BAEA-02-C-28 0.1 2002 Namakan 59 
BAEA-02-C-29 1.3 2002 Kabetogama 28 
BAEA-02-C-31 0.1 2002 Kabetogama 29 
BAEA-02-D-34 9.6 2002 Rainy 49 
BAEA-02-D-36 5.1 2002 Rainy 25 
BAEA-02-D-37 22.1 2002 Shoepack 51 
BAEA-02-D-38 1.3 2002 Kabetogama 36 
BAEA-02-D-39 0.1 2002 Kabetogama 3 
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BAEA-02-D-40 4.2 2002 Namakan 10 
BAEA-03-C-24 0.1 2003 Kabetogama 64 
BAEA-03-C-25 0.1 2003 Kabetogama 4 
BAEA-03-C-26 0.1 2003 Kabetogama 77 
BAEA-03-C-27 9.6 2003 Rainy 34 
BAEA-03-C-28 2.3 2003 Rainy 26 
BAEA-03-C-30 8.2 2003 Rainy 49 
BAEA-03-C-32 2.6 2003 Kabetogama 8 
BAEA-03-C-33 0.8 2003 Kabetogama 28 
BAEA-03-C-34 11.0 2003 Namakan 18 
BAEA-03-C-36 14.5 2003 Namakan 17 
BAEA-03-C-37 0.1 2003 Namakan 13 
BAEA-03-C-38 0.9 2003 Namakan 59 
BAEA-03-C-39 1.1 2003 Kabetogama 29 
BAEA-04-A-42 1.8 2004 Rainy 27 
BAEA-04-A-44 2.7 2004 Rainy 26 
BAEA-04-A-46 4.4 2004 Rainy 49 
BAEA-04-A-48 1.8 2004 Rainy 25 
BAEA-04-A-49 0.3 2004 Rainy 80 
BAEA-04-A-50 3.2 2004 Rainy 20 
BAEA-04-A-51 2.9 2004 Rainy 24 
BAEA-04-A-52 1.1 2004 Kabetogama 3 
BAEA-04-A-55 0.1 2004 Kabetogama 29 
BAEA-04-B-27 1.2 2004 Kabetogama 77 
BAEA-04-B-28 0.1 2004 Kabetogama 77 
BAEA-04-B-29 0.1 2004 Kabetogama 61 
BAEA-04-B-30 3.5 2004 Namakan 18 
BAEA-04-B-31 3.6 2004 Namakan 17 
BAEA-04-B-31 9.1 2004 Namakan 17 
BAEA-04-B-33 4.5 2004 Shoepack 51 
BAEA-04-B-34 1.5 2004 Namakan 59 
BAEA-04-B-36 1.7 2004 Kabetogama 64 
BAEA-04-B-37 0.9 2004 Kabetogama 65 
BAEA-05-A-29 0.1 2005 Namakan 74 
BAEA-05-A-30 5.2 2005 Namakan 17 
BAEA-05-A-32 0.1 2005 Kabetogama 53 
BAEA-05-A-34 0.1 2005 Kabetogama 77 
BAEA-05-A-44 0.1 2005 Kabetogama 29 
BAEA-05-A-46 2.2 2005 Kabetogama 8 
BAEA-05-A-48 0.1 2005 Namakan 33 
BAEA-05-A-50 4.6 2005 Namakan 12 
BAEA-05-B-50 5.8 2005 Rainy 25 
BAEA-05-B-52 0.1 2005 Rainy 49 
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BAEA-05-B-54 0.1 2005 Rainy 20 
BAEA-05-B-55 0.5 2005 Rainy 80 
BAEA-05-B-57 4.8 2005 Rainy 26 
BAEA-05-B-58 0.1 2005 Namakan 33 
BAEA-05-B-60 12.0 2005 Namakan 18 
BAEA-06-A-01 32.3 2006 Namakan 18 
BAEA-06-A-03 7.3 2006 Namakan 58 
BAEA-06-A-04 2.7 2006 Namakan 67 
BAEA-06-A-05 3.2 2006 Namakan 67 
BAEA-06-A-08 2.0 2006 Kabetogama 21 
BAEA-06-A-09 4.3 2006 Kabetogama 72 
BAEA-06-A-12 3.4 2006 Kabetogama 23 
BAEA-06-A-13 0.7 2006 Kabetogama 77 
BAEA-06-A-16 0.3 2006 Kabetogama 8 
BAEA-06-A-17 0.1 2006 Rainy 65 
BAEA-06-A-18 1.9 2006 Rainy 49 
BAEA-06-A-20 7.2 2006 Rainy 36 
BAEA-06-A-21 0.1 2006 Rainy 70 
BAEA-06-A-24 5.5 2006 Rainy 25 
BAEA-07-C-01 0.1 2007 Namakan 18 
BAEA-07-C-03 10.8 2007 Namakan 18 
BAEA-07-C-04 0.1 2007 Namakan 58 
BAEA-07-C-05 0.1 2007 Namakan 50 
BAEA-07-C-07 0.1 2007 Namakan 67 
BAEA-07-C-09 0.1 2007 Namakan 59 
BAEA-07-C-10 3.1 2007 Kabetogama 72 
BAEA-07-C-13 0.1 2007 Kabetogama 3 
BAEA-07-C-14 0.1 2007 Kabetogama 29 
BAEA-08-C-01 4.0 2008 Kabetogama 72 
BAEA-08-C-03 0.1 2008 Kabetogama 53 
BAEA-08-C-05 1.1 2008 Kabetogama 28 
BAEA-08-C-08 2.4 2008 Kabetogama 3 
BAEA-08-C-10 6.3 2008 Namakan 13 
BAEA-08-C-11 7.7 2008 Namakan 12 
BAEA-08-C-12 6.4 2008 Namakan 67 
BAEA-08-C-13 5.6 2008 Namakan 76 
BAEA-08-C-14 0.8 2008 Kabetogama 21 
BAEA-08-C-16 4.5 2008 Rainy 49 
BAEA-08-C-18 4.9 2008 Rainy 27 
BAEA-08-C-19 8.9 2008 Rainy 44 
BAEA-08-C-21 8.2 2008 Rainy 70 
BAEA-08-C-22 12.0 2008 Rainy 37 
BAEA-08-C-23 0.1 2008 Rainy 75 
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BAEA-08-C-25 0.5 2008 Kabetogama 29 
BAEA-08-C-26 0.1 2008 Kabetogama 61 
BAEA-08-C-27 0.1 2008 Kabetogama 64 
BAEA-09-A-01 2.3 2009 Rainy 81 
BAEA-09-A-02 13.2 2009 Namakan 18 
BAEA-09-A-04 5.0 2009 Namakan 13 
BAEA-09-A-05 12.5 2009 Namakan 50 
BAEA-09-A-06 11.9 2009 Namakan 76 
BAEA-09-A-07 8.9 2009 Namakan 10 
BAEA-09-A-09 11.3 2009 Kabetogama 21 
BAEA-09-A-10 6.6 2009 Kabetogama 28 
BAEA-09-A-12 18.5 2009 Namakan 67 
BAEA-09-A-13 17.0 2009 Namakan 12 
BAEA-09-A-15 2.7 2009 Kabetogama 21 
BAEA-09-A-17 8.7 2009 Kabetogama 64 
BAEA-09-A-18 3.4 2009 Kabetogama 72 
BAEA-09-A-19 0.1 2009 Kabetogama 4 
BAEA-09-A-21 0.1 2009 Kabetogama 72 
BAEA-09-A-22 0.1 2009 Kabetogama 53 
BAEA-09-A-23 12.8 2009 Rainy 49 
BAEA-09-A-24 7.8 2009 Kabetogama 28 
BAEA-09-A-25 0.9 2009 Rainy 49 
BAEA-09-A-26 17.2 2009 Rainy 26 
BAEA-09-A-27 12.3 2009 Rainy 70 
BAEA-09-A-28 11.4 2009 Rainy 37 
BAEA-09-A-30 27.3 2009 Rainy 44 
BAEA-09-A-31 14.4 2009 Rainy 24 
BAEA-09-A-32 14.0 2009 Rainy 24 
BAEA-09-A-34 11.7 2009 Rainy 75 
BAEA-09-A-36 7.0 2009 Rainy 25 
BAEA-09-A-37 13.1 2009 Rainy 68 
BAEA-10-C-01 7.3 2010 Rainy 68 
BAEA-10-C-03 3.3 2010 Rainy 81 
BAEA-10-C-05 35.0 2010 Namakan 18 
BAEA-10-C-06 11.9 2010 Namakan 59 
BAEA-10-C-07 12.3 2010 Namakan 12 
BAEA-10-C-08 14.3 2010 Namakan 79 
BAEA-10-C-09 2.6 2010 Namakan 10 
BAEA-10-C-10 0.1 2010 Namakan 33 
BAEA-10-C-12 0.1 2010 Kabetogama 66 
BAEA-10-C-16 0.1 2010 Kabetogama 53 
BAEA-10-C-18 0.1 2010 Kabetogama 23 
BAEA-10-C-20 1.7 2010 Kabetogama 3 
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BAEA-10-C-22 7.2 2010 Kabetogama 8 
BAEA-10-C-23 3.0 2010 Rainy 49 
BAEA-10-C-25 15.1 2010 Rainy 34 
BAEA-10-C-26 11.6 2010 Rainy 65 
BAEA-10-C-27 1.3 2010 Kabetogama 64 








































Table A-2. Concentrations of total PCBs, total DDTs, 4,4'-DDE, and dieldrin for individual bald eagle 
nestlings at Voyageurs National Park, Minnesota 






DDE Dieldrin Year Lake 
Territory 
# 
BAEA-VNP-95-43 280.1 3.9 0.3 15.4 1997 Rainy 44 
BAEA-VNP-95-38 20.2 30.0 26.5 13.5 1997 Kabetogama 28 
BAEA-VNP-95-40 48.6 30.6 27.0 11.9 1997 Rainy 37 
BAEA-VNP-95-39 37.4 20.3 16.7 9.9 1997 Kabetogama 33 
BAEA-VNP-95-46 15.4 7.8 4.3 9.7 1997 Rainy 1 
BAEA-VNP-95-36 11.4 6.6 3.0 8.6 1997 Kabetogama 29 
BAEA-VNP-95-41 52.9 44.4 40.9 8.6 1997 Rainy 26 
BAEA-VNP-95-44 40.5 23.3 19.8 8.4 1997 Rainy 30 
BAEA-VNP-95-35 11.4 4.6 1.0 8.4 1997 Kabetogama 3 
BAEA-VNP-95-37 11.4 9.2 5.6 8.1 1997 Namakan 18 
BAEA-VNP-95-47 11.4 6.3 2.7 6.2 1997 Namakan 25 
BAEA-VNP-95-42 245.9 271.9 68.3 0.5 1997 Rainy 5 
BAEA-VNP-98-05 13.7 12.8 9.2 19.3 1998 Kabetogama 29 
BAEA-VNP-98-04 12.1 10.7 7.1 18.6 1998 Rainy 25 
BAEA-VNP-98-07 13.9 11.0 7.4 18.2 1998 Kabetogama 23 
BAEA-VNP-98-06 12.1 10.0 6.5 13.9 1998 Kabetogama 3 
BAEA-VNP-98-08 11.4 8.0 4.4 11.8 1998 Kabetogama 4 
BAEA-VNP-98-03 26.4 25.5 21.9 9.7 1998 Rainy 49 
BAEA-VNP-98-12 11.4 6.6 3.1 9.1 1998 Kabetogama 28 
BAEA-VNP-98-10 11.4 4.6 1.0 8.5 1998 Namakan 10 
BAEA-VNP-98-11 11.4 6.2 2.6 8.2 1998 Kabetogama 37 
BAEA-VNP-98-09 97.1 14.1 10.5 7.9 1998 Namakan 13 
BAEA-VNP-98-02 17.1 14.5 10.9 6.6 1998 Rainy 30 
BAEA-MI-99-D-29 12.1 15.3 11.8 0.5 1999 Namakan 12 
BAEA-MI-99-D-28 13.0 9.2 5.6 0.5 1999 Kabetogama 53 
BAEA-MI-99-D-27 12.3 11.2 7.6 0.5 1999 Kabetogama 29 
BAEA-MI-99-D-26 11.4 6.2 2.6 0.5 1999 Namakan 10 
BAEA-MI-99-D-25 26.2 14.8 11.2 0.5 1999 Namakan 13 
BAEA-MI-99-D-24 11.4 5.9 2.4 0.5 1999 Namakan 18 
BAEA-MI-99-D-23 11.4 6.0 2.5 0.5 1999 Rainy 1 
BAEA-MI-99-D-22 11.4 4.6 0.3 0.5 1999 Rainy 25 
BAEA-MI-99-D-21 11.4 7.8 4.2 0.5 1999 Rainy 24 
BAEA-MI-99-D-20 12.3 11.6 8.0 0.5 1999 Rainy 27 
BAEA-MI-99-D-19 15.6 11.2 7.6 0.5 1999 Rainy 30 
BAEA-MI-99-D-18 26.6 24.1 20.6 0.5 1999 Rainy 26 
BAEA-MI-99-D-17 33.9 20.7 17.1 0.5 1999 Rainy 37 
BAEA-VNP-00-C-49 19.2 19.7 16.1 6.9 2000 Rainy 37 
BAEA-VNP-00-C-50 34.1 21.6 15.6 6.0 2000 Rainy 20 
BAEA-VNP-00-C-47 45.5 38.1 32.6 5.9 2000 Rainy 30 
BAEA-VNP-00-C-46 31.1 18.5 12.6 5.8 2000 Rainy 49 
BAEA-VNP-00-C-43 13.4 10.3 6.8 5.7 2000 Namakan 13 
BAEA-VNP-00-C-45 13.2 11.7 8.2 5.7 2000 Namakan 10 
BAEA-VNP-00-C-41 11.1 7.8 4.2 5.5 2000 Kabetogama 40 
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BAEA-MI-01-C-39 75.5 70.4 64.3 9.6 2001 Rainy 49 
BAEA-MI-01-E-09 11.4 7.7 4.2 5.8 2001 Kabetogama 3 
BAEA-MI-01-E-06 11.2 17.6 14.1 5.7 2001 Kabetogama 53 
BAEA-MI-01-E-08 68.3 30.4 24.2 5.0 2001 Namakan 13 
BAEA-MI-01-C-040 18.3 14.8 11.2 1.0 2001 Rainy 26 
BAEA-MI-01-E-005 11.4 6.9 3.3 0.5 2001 Rainy 62 
BAEA-MI-01-E-003 11.4 4.3 0.7 0.5 2001 Rainy 25 
BAEA-MI-01-E-001 77.4 49.1 45.5 0.5 2001 Rainy 30 
BAEA-MI-01-C-048 11.4 7.9 4.3 0.5 2001 Kabetogama 29 
BAEA-MI-01-C-047 11.4 8.4 4.9 0.5 2001 Kabetogama 61 
BAEA-MI-01-C-046 13.1 13.0 9.5 0.5 2001 Kabetogama 64 
BAEA-MI-01-C-045 11.4 8.4 4.9 0.5 2001 Kabetogama 55 
BAEA-MI-01-C-044 14.0 13.9 10.3 0.5 2001 Rainy 34 
BAEA-MI-01-C-043 11.4 6.8 3.3 0.5 2001 Kabetogama 4 
BAEA-MI-01-C-042 11.4 6.2 2.6 0.5 2001 Rainy 24 
BAEA-MI-02-D-034 158.8 59.5 56.3 2.0 2002 Rainy 49 
BAEA-MI-02-D-035 83.7 34.3 30.8 0.7 2002 Rainy 80 
BAEA-MI-02-D-033 11.4 10.3 6.7 0.6 2002 Rainy 26 
BAEA-MI-02-D-040 13.8 17.4 13.9 0.5 2002 Namakan 10 
BAEA-MI-02-D-039 11.4 8.1 4.6 0.5 2002 Kabetogama 3 
BAEA-MI-02-D-038 11.4 8.9 5.3 0.5 2002 Kabetogama 36 
BAEA-MI-02-D-037 11.9 8.1 4.5 0.5 2002 Shoepack 51 
BAEA-MI-02-D-036 13.8 6.6 3.0 0.5 2002 Rainy 25 
BAEA-MI-02-C-031 62.7 38.0 34.5 0.5 2002 Kabetogama 29 
BAEA-MI-02-C-030 11.4 8.4 4.8 0.5 2002 Kabetogama 33 
BAEA-MI-02-C-029 11.7 8.6 5.0 0.5 2002 Kabetogama 28 
BAEA-MI-02-C-028 11.4 7.6 4.0 0.5 2002 Namakan 59 
BAEA-MI-02-C-027 75.9 33.6 30.0 0.5 2002 Namakan 13 
BAEA-MI-02-C-026 11.4 7.6 4.0 0.5 2002 Namakan 58 
BAEA-MI-02-C-025 14.2 9.8 6.2 0.5 2002 Namakan 18 
BAEA-VNP-03-C-37 12.1 9.3 5.7 21.5 2003 Namakan 13 
BAEA-VNP-03-C-39 12.1 10.7 7.2 18.8 2003 Kabetogama 29 
BAEA-VNP-03-C-30 55.3 19.0 13.2 17.8 2003 Rainy 49 
BAEA-VNP-03-C-34 11.4 7.5 4.0 17.5 2003 Namakan 18 
BAEA-VNP-03-C-33 11.4 9.8 6.3 16.1 2003 Kabetogama 28 
BAEA-VNP-03-C-23 11.4 7.5 3.9 15.9 2003 Kabetogama 40 
BAEA-VNP-03-C-27 14.7 13.2 9.7 15.7 2003 Rainy 34 
BAEA-VNP-03-C-25 11.4 8.3 4.7 15.1 2003 Kabetogama 4 
BAEA-VNP-03-C-31 57.4 21.9 16.2 14.1 2003 Rainy 80 
BAEA-VNP-03-C-32 11.4 7.7 4.2 13.9 2003 Kabetogama 8 
BAEA-VNP-03-C-28 12.1 10.3 6.8 13.9 2003 Rainy 26 
BAEA-VNP-03-C-24 11.4 8.6 5.1 12.7 2003 Kabetogama 64 
BAEA-VNP-03-C-38 11.4 8.6 5.0 12.6 2003 Namakan 59 
BAEA-VNP-03-C-26 11.4 7.6 4.0 12.5 2003 Kabetogama 77 
BAEA-MI-04-A-54 11.4 8.8 5.3 0.5 2004 Kabetogama 29 
BAEA-MI-04-A-52 11.4 6.6 10.3 0.5 2004 Kabetogama 3 
BAEA-MI-04-A-51 12.7 8.3 4.5 0.5 2004 Rainy 24 
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BAEA-MI-04-A-50 102.4 33.9 5.3 0.5 2004 Rainy 20 
BAEA-MI-04-A-49 52.3 11.8 3.1 0.5 2004 Rainy 80 
BAEA-MI-04-A-48 11.4 4.6 4.8 0.5 2004 Rainy 25 
BAEA-MI-04-A-46 26.5 14.5 8.2 0.5 2004 Rainy 49 
BAEA-MI-04-A-44 101.1 24.3 11.0 0.5 2004 Rainy 26 
BAEA-MI-04-A-42 58.9 24.8 21.2 0.5 2004 Rainy 27 
BAEA-VNP-05-B-57 11.4 8.2 4.7 1.0 2005 Rainy 26 
BAEA-VNP-05-B-56 12.1 14.0 10.4 1.0 2005 Rainy 34 
BAEA-VNP-05-A-30 21.7 12.6 9.1 1.0 2005 Namakan 17 
BAEA-VNP-05-B-60 18.7 12.8 9.2 0.5 2005 Namakan 18 
BAEA-VNP-05-B-58 11.4 8.7 5.1 0.5 2005 Namakan 33 
BAEA-VNP-05-B-54 20.4 9.3 5.7 0.5 2005 Rainy 20 
BAEA-VNP-05-B-52 14.4 9.7 6.1 0.5 2005 Rainy 49 
BAEA-VNP-05-B-50 11.8 8.0 4.4 0.5 2005 Rainy 25 
BAEA-VNP-05-A-51 11.4 8.8 5.3 0.5 2005 Kabetogama 61 
BAEA-VNP-05-A-50 11.4 11.2 7.7 0.5 2005 Namakan 12 
BAEA-VNP-05-A-48 11.4 6.7 3.2 0.5 2005 Namakan 33 
BAEA-VNP-05-A-46 11.4 6.9 3.4 0.5 2005 Kabetogama 8 
BAEA-VNP-05-A-44 11.4 7.5 3.9 0.5 2005 Kabetogama 29 
BAEA-VNP-05-A-34 11.4 4.6 1.0 0.5 2005 Kabetogama 77 
BAEA-VNP-05-A-32 11.4 7.0 3.5 0.5 2005 Kabetogama 53 
BAEA-VNP-05-A-29 12.8 11.4 7.9 0.5 2005 Namakan 74 
BAEA-VNP-06-A-21 12.1 15.0 11.4 3.3 2006 Rainy 70 
BAEA-VNP-06-A-09 11.4 7.9 4.3 2.4 2006 Kabetogama 72 
BAEA-VNP-06-A-07 11.4 7.5 3.9 2.1 2006 Namakan 69 
BAEA-VNP-06-A-23 11.4 8.9 5.3 2.1 2006 Rainy 25 
BAEA-VNP-06-A-01 11.4 3.9 0.0 2.0 2006 Namakan 18 
BAEA-VNP-06-A-20 11.4 7.3 3.8 1.0 2006 Rainy 36 
BAEA-VNP-06-A-16 11.4 4.6 1.0 1.0 2006 Kabetogama 8 
BAEA-VNP-06-A-13 11.4 6.4 2.9 1.0 2006 Kabetogama 77 
BAEA-VNP-06-A-12 11.4 7.8 4.2 1.0 2006 Kabetogama 23 
BAEA-VNP-06-A-08 11.4 4.6 1.0 1.0 2006 Kabetogama 21 
BAEA-VNP-06-A-06 11.4 5.6 2.1 1.0 2006 Namankan 59 
BAEA-VNP-06-A-04 11.4 4.6 1.0 1.0 2006 Namakan 67 
BAEA-VNP-06-A-02 11.4 7.3 3.8 1.0 2006 Namakan 58 
BAEA-VNP-06-A-18 11.5 11.9 8.4 0.5 2006 Rainy 49 
BAEA-VNP-06-A-17 11.4 6.3 2.7 0.5 2006 Rainy 65 
BAEA-VNP-07-C-01 11.4 6.9 3.3 3.0 2007 Namakan 18 
BAEA-VNP-07-C-03 14.7 11.3 7.7 2.5 2007 Namakan 18 
BAEA-VNP-07-C-04 11.4 4.6 1.0 2.2 2007 Namakan 58 
BAEA-VNP-07-C-05 11.4 6.2 2.7 2.0 2007 Namakan 50 
BAEA-VNP-07-C-09 11.4 4.6 1.0 1.0 2007 Namakan 59 
BAEA-VNP-07-C-07 11.4 4.6 1.0 1.0 2007 Namakan 67 
BAEA-VNP-07-C-06 11.4 8.1 4.6 1.0 2007 Namakan 69 
BAEA-VNP-07-C-16 11.4 6.0 2.4 0.5 2007 Kabetogama 53 
BAEA-VNP-07-C-14 11.4 4.6 1.0 0.5 2007 Kabetogama 29 
BAEA-VNP-07-C-13 18.8 11.2 7.6 0.5 2007 Kabetogama 3 
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BAEA-VNP-07-C-10 11.4 9.6 6.0 0.5 2007 Kabetogama 72 
BAEA-VNP-08-C-27 28.9 32.2 28.6 9.5 2008 Kabetogama 64 
BAEA-VNP-08-C-21 29.2 29.7 26.1 7.9 2008 Rainy 70 
BAEA-VNP-08-C-22 13.2 14.7 11.1 7.6 2008 Rainy 37 
BAEA-VNP-08-C-23 20.8 13.3 9.8 7.0 2008 Rainy 75 
BAEA-VNP-08-C-26 12.1 13.3 9.7 6.2 2008 Kabetogama 61 
BAEA-VNP-08-C-25 44.9 44.3 38.7 5.8 2008 Kabetogama 29 
BAEA-VNP-08-C-19 168.2 49.7 46.2 0.5 2008 Rainy 44 
BAEA-VNP-08-C-18 19.7 11.1 7.5 0.5 2008 Rainy 27 
BAEA-VNP-08-C-16 11.4 9.1 5.6 0.5 2008 Rainy 49 
BAEA-VNP-08-C-14 11.4 8.8 5.3 0.5 2008 Kabetogama 21 
BAEA-VNP-08-C-13 11.4 7.3 3.7 0.5 2008 Namakan 76 
BAEA-VNP-08-C-12 11.4 7.0 3.4 0.5 2008 Namakan 67 
BAEA-VNP-08-C-11 14.3 13.3 9.8 0.5 2008 Namakan 12 
BAEA-VNP-08-C-10 29.4 17.4 13.8 0.5 2008 Namakan 13 
BAEA-VNP-08-C-08 11.4 8.2 4.6 0.5 2008 Kabetogama 3 
BAEA-VNP-08-C-07 11.4 8.6 5.0 0.5 2008 Kabetogama 23 
BAEA-VNP-08-C-05 11.4 9.1 5.6 0.5 2008 Kabetogama 28 
BAEA-VNP-08-C-04 11.4 10.4 6.9 0.5 2008 Kabetogama 61 
BAEA-VNP-08-C-03 11.4 11.1 7.5 0.5 2008 Kabetogama 53 
BAEA-VNP-08-C-01 11.4 6.6 3.0 0.5 2008 Kabetogama 72 
BAEA-VNP-09-A-31 42.2 38.0 33.9 48.6 2009 Rainy 24 
BAEA-VNP-09-A-36 11.4 7.5 3.9 39.5 2009 Rainy 25 
BAEA-VNP-09-A-32 25.7 10.3 6.7 38.9 2009 Rainy 24 
BAEA-VNP-09-A-37 15.5 10.3 6.2 29.2 2009 Rainy 68 
BAEA-VNP-09-A-19 12.1 24.0 20.4 24.1 2009 Kabetogama 4 
BAEA-VNP-09-A-05 12.1 11.5 8.0 23.2 2009 Namakan 50 
BAEA-VNP-09-A-21 11.4 9.6 6.0 23.1 2009 Kabetogama 72 
BAEA-VNP-09-A-13 11.4 11.5 7.9 22.3 2009 Namakan 12 
BAEA-VNP-09-A-28 14.5 3.9 0.3 22.3 2009 Rainy 37 
BAEA-VNP-09-A-23 14.5 13.7 10.2 21.0 2009 Rainy 49 
BAEA-VNP-09-A-30 71.4 6.6 0.3 20.6 2009 Rainy 44 
BAEA-VNP-09-A-08 12.8 16.4 12.9 20.1 2009 Kabetogama 21 
BAEA-VNP-09-A-16 12.1 15.6 12.1 18.4 2009 Kabetogama 55 
BAEA-VNP-09-A-06 11.4 11.7 8.2 17.7 2009 Namakan 76 
BAEA-VNP-09-A-11 11.4 9.4 5.9 17.7 2009 Kabetogama 65 
BAEA-VNP-09-A-24 19.0 7.9 0.3 17.6 2009 Kabetogama 28 
BAEA-VNP-09-A-12 20.5 13.4 9.9 17.5 2009 Namakan 67 
BAEA-VNP-09-A-17 11.4 9.8 6.3 16.6 2009 Kabetogama 64 
BAEA-VNP-09-A-27 14.1 3.9 0.3 15.9 2009 Rainy 70 
BAEA-VNP-09-A-22 13.3 17.9 14.3 15.6 2009 Kabetogama 53 
BAEA-VNP-09-A-26 15.6 3.9 0.3 15.1 2009 Rainy 26 
BAEA-VNP-09-A-04 23.9 11.4 7.2 14.2 2009 Namakan 13 
BAEA-VNP-09-A-03 12.8 9.6 6.1 10.2 2009 Namakan 18 
BAEA-VNP-09-A-02 11.4 6.1 2.6 9.1 2009 Namakan 18 
BAEA-VNP-09-A-01 11.4 8.1 4.6 8.6 2009 Rainy 81 
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BAEA-VNP-09-A-07 11.4 7.9 4.3 5.3 2009 Namakan 10 
BAEA-VNP-09-A-33 11.4 3.9 0.3 0.5 2009 Rainy 24 
BAEA-VNP-10-C-25 14.1 14.9 11.3 27.4 2010 Rainy 34 
BAEA-VNP-10-C-01 18.1 10.1 6.5 12.8 2010 Rainy 68 
BAEA-VNP-10-C-07 12.1 12.5 9.0 10.1 2010 Namakan 12 
BAEA-VNP-10-C-03 12.1 9.4 5.9 9.9 2010 Rainy 81 
BAEA-VNP-10-C-09 11.4 8.8 5.2 9.8 2010 Namakan 10 
BAEA-VNP-10-C-26 39.1 14.8 11.2 9.8 2010 Rainy 65 
BAEA-VNP-10-C-11 11.4 7.6 4.1 9.7 2010 Namakan 33 
BAEA-VNP-10-C-22 21.1 12.7 9.2 9.4 2010 Kabetogama 8 
BAEA-VNP-10-C-20 11.4 8.3 4.8 9.4 2010 Kabetogama 3 
BAEA-VNP-10-C-08 11.4 8.6 5.1 9.3 2010 Namakan 79 
BAEA-VNP-10-C-06 12.1 8.2 4.6 9.3 2010 Namakan 59 
BAEA-VNP-10-C-13 12.1 9.9 6.3 9.1 2010 Kabetogama 53 
BAEA-VNP-10-C-27 11.4 7.5 3.9 9.0 2010 Kabetogama 64 
BAEA-VNP-10-C-28 12.1 9.0 5.5 8.8 2010 Kabetogama 28 
BAEA-VNP-10-C-18 11.4 8.8 5.3 8.6 2010 Kabetogama 23 
BAEA-VNP-10-C-04 18.5 11.1 7.6 8.5 2010 Namakan 18 
BAEA-VNP-10-C-12 11.4 8.5 5.0 8.4 2010 Kabetogama 66 
BAEA-VNP-10-C-23 13.8 14.9 11.3 8.0 2010 Rainy 49 
 
 
 
 
 
 
 
 
 
 
